UCRL-TH-203310

Characterization of Functionalized Self-Assembled Monolayers
and Surface-Attached Interlocking Molecules
Using Near-Edge X-ray Absorption Fine Structure Spectroscopy

Trevor M. Willey

April, 2004

Ph. D. Dissertation
University of California, Davis

University of California

B Lawrence Livermore
National Laboratory



This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University of
California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or the University of California. The views
and opinions of authors expressed herein do not necessarily state or reflect those of
the United States Government or the University of California, and shall not be used for
advertising or product endorsement purposes.

This work was performed, in part, under the auspices of the U.S. Department of Energy
by University of California, Lawrence Livermore National Laboratory under Contract W-
7405-Eng-48.



Characterization of Functionalized Self-Assembled Monolayers
and Surface-Attached Interlocking Molecules
Using Near-Edge X-ray Absorption Fine Structure Spectroscopy

by
TREVOR MICHAEL WILLEY
B.S. (Utah State University) 1997
M.S. (University of California, Davis) 1999
DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
PHYSICS
inthe
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA

DAVIS

Approved:

C__J b0,
CharlesS Fadlcy /
7/

?‘3 Ny / }—{mm—w\ il
Louis J. Terminello

Shirley Chiang J

2004



Acknowledgements

I am thankful to Chuck Fadley, for being my advisor, for his help in pointing out the LLNL
Student-Employee Graduate Research Fellowship (SEGRF) program and introducing me to Lou
Terminello, and for histimely comments and suggestions. Both hislove of science and attention to detail
have given me a pattern to follow in my career.

Lou Termindlo graciously accepted me into his group at Livermore, and allowed me to develop
and grow as a scientist through my own successes and mistakes. | am grateful for his encouragement,
ideas, and help in obtaining funding for a large portion of these projects. He has alowed me to directly
interact with the scientific community by attending and presenting a many conferences, from Stanford to
Sweden and many places in between.

Tony van Buuren in many ways has been my day-to-day supervisor with “hands-on” help, and
I'm grateful to him for alowing me to barge into his office at any time with questions concerning our
projects.

This thesis would not have been possible without Andy Vance, and his Laboratory Directed
Research and Development (LDRD) funding to produce surface-attached interlocking molecules. He was
the driving force behind many of the ideas for this work, synthesizing various “custom-designed”
molecules. He was aso patient in explaining elementary chemistry concepts to a physics graduate
student. Brad Hart was also alifesaver in epping in with synthesis during final experiments.

Christoph Bostedt kept me sane through crazy hours of beam time at the ALS and SSRL, and
has been a supportive friend and example during our tenure together at Livermore.

Others who must be mentioned for their support include Barry Cheung, Nicolas Franco, Rob
Meulenberg, Julie Perkins, and Sergei Kruscheyev. Thanksto Art Nelson and Cheryl Evans of LLNL, as
well as Mark Engelhard and Don Baer of the Environmenta Molecular Science Laboratory, Pacific
Northwest National Laboratory, for the acquisition of XPS spectra on their PHI Quantum 2000
instruments. Curtis Troxe of SSRL was an invaluable asset at beamline 8.2, especially in ensuring the lo
grid was spotlessly clean with a fresh gold coating at each beam time. Jan Luning gave helpful adviceto
a synchrotron “newbie’ with discussions on measuring the polarization of the beam and auger-yield
detection schemes. | am appreciative to Christof W6ll (Univ. of Bochum, Germany) for discussion
regarding carboxyl-terminated SAM formation.

There are many other mentors not directly involved with the research in this dissertation that
have encouraged me and helped me in the pursuit of a career in physics from Steve Jackson at Viewmont
High Schoal, Bountiful, UT, to M. Riffe, J. R. Dennison, J. Marshall, C. Torre, F. Edwards, D. Lind, and
othersat Utah State University, aswell as S. Chiang, C.Y. Fong, and R. Zieve and othersat U. C. Davis.

My wife Lisa, my parents, in-laws, and children, and other family have been supportive, kind
and loving in hel ping me through graduate school. | am thankful to them.

Lawrence Livermore Nationa Laboratory provided funding support through a Student-
Employee Graduate Research Fellowship.

Thiswork was performed under the auspices of the U. S. Department of Energy by University of
Cdlifornia Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.

Work was conducted at the Stanford Synchrotron Radiation Laboratory, which is supported by
the U.S. Department of Energy under contract DE-AC03-76SF00515.

The Advanced Light Source is supported by the U. S. Department of Energy under contract DE-
ACO03-76SF00098, Lawrence Berkeley National Laboratory.

Work was aso conducted at the Environmental Molecular Sciences Laboratory, a nationa
scientific user facility sponsored by the Department of Energy's Office of Biological and Environmental
Research and located at Pacific Northwest National Laboratory, Richland WA.

UCRL-TH-203310



Dedication

| dedicate this work to my wife Lisaand my children, Adam and Anna, who
have all come into my life since | embarked on the journey to a Ph.D. in physics. | am
thankful for their love, patience, understanding, and support.



Abstract

Quantitative knowledge of the fundamental structure and substrate binding, as
well as the direct measurement of conformational changes, are essential to the
development of self-assembled monolayers (SAMs) and surface-attached interlocking
molecules, catenanes and rotaxanes. These monolayers are vital to development of
nano-mechanical, molecular electronic, and biological/chemical sensor applications.
This dissertation investigates properties of functionalized SAMs in sulfur-gold based
adsorbed molecular monolayers using quantitative spectroscopic techniques including
near-edge x-ray absorption fine structure spectroscopy (NEXAFS) and x-ray
photoelectron spectroscopy (XPS).

The stability of the gold-thiolate interface is addressed. A simple model SAM
consisting of dodecanethiol adsorbed on Au(111) degrades significantly in less than 24
hours under ambient laboratory air. S 2p and O 1s XPS show the gold-bound thiolates
oxidize to sulfinates and sulfonates. A reduction of organic material on the surface and
adecrease in order are observed as the layer degrades.

The effect of the carboxyl vs. carboxylate functionalization on SAM structure is
investigated. Carboxyl-terminated layers consisting of long alkyl-chain thiols vs.
thioctic acid with short, sterically separated, alkyl groups are compared and contrasted.
NEXAFS shows a conformational change, or chemical switchability, with carboxyl
groupstilted over and carboxylate endgroups more upright.

Surface-attached loops and simple surface-attached rotaxanes are quantitatively

characterized, and preparation conditions that lead to desired films are outlined. A
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dithiol is often insufficient to form a molecular species bound at each end to the
substrate, while a structurally related disulfide-containing polymer yields surface-
attached loops. Similarly, spectroscopic techniques show the successful production of a
simple, surface-attached rotaxane that requires a “molecular riveting” step to hold the
mechanically attached crown ether rings in place until disulfides in the molecules
adsorb onto the gold. Finally, by introducing an aldehyde into the crown ether portion
of this well-characterized surface-attached rotaxane, conformational changes are
directly measured when the aldehyde is reacted with aniline. These fundamental results
have implications for the creation of nanoscale functional surfaces using molecular

monolayers.
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Chapter 1

I ntr oduction

Self-Assembled M onolayers

Self-assembled monolayers consist of organic, hydrocarbon-containing
molecules that are bound to a surface and spontaneously form ordered monolayers
through van der Waal’s interactions between molecules (Fig. 1.1). The most elegant
methods for SAM formation consist of dissolving molecules in a suitable solution asin
Fig. 1.1 @), and exposing an appropriate metal or substrate to this solution. A specific
group such asadisulfide[1.1, 2], thiol[1.3], carboxyl[1.4-7], etc. promotes adsorption of
the molecules onto the substrate a one end as in Fig. 1.1 b). As the molecules adsorb
on the surface, interactions between molecules cause the spontaneous formation of a
crystalline, upright, ordered layer depicted in Fig. 1.1 c). Extensive reviews of this
process exist, including two books referenced here[1.8, 9].

The most common types of SAMs are alkanethiols on gold or other noble metal
substrates, due to the ease in substrate preparation and storage. The phenomenon that
sulfur would interact strongly to gold as an anchor for organics was first reported by
Nuzzo and Allarg[1.1]. Later, Porter, Chidsay, et al. investigated alkanethiols on
gold[1.3, 10] and found that alkyl-chain interactions between molecules were sufficient
to form well-ordered, crystalline monolayers with increasingly crystalline films as the

alkyl-chain length was extended. They reported that the transition from marginally-
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Fig. 1.1. Steps for SAM formation. a) molecules are dissolved in a suitable solvent, b) substrate
exposed to solution and molecules begin to adsorb on surface, and ¢) molecules form a well-packed
layer through van der Waal'sinter actions between them.

ordered to well-ordered layers occurs at chain lengths of about 10-11 alkyl units.
These alkyl chains order in an upright manner, often tilted at some polar angle that

depends on the sulfur-sulfur distances between neighboring molecules due to variations

in substrate composition and the preferred binding site of the sulfur.



Alkanethiols are often functionalized — that is, the terminating methyl-group
away from the substrate is replaced with a useful moiety. Carboxyl and amine groups
lend themselves nicely to subsequent chemistry that can be of interest for chemical and
biological functionality. For example, they are used in biosensor applications for
surface-attachment and/or surface-immobilization of DNA, proteins, antigens and
antibodies, viruses, and cell§1.11-13]. Carboxyl groups, in particular, are often used in
biosensor applicationg1.14-16]. One of the thrusts of this work is to investigate
carboxyl end-group morphology and its effect on monolayer structure.

In another related community, SAMs and other organic monolayers are explored
for their molecular electronic applications and nanotechnological possibilities.
Recently, a carboxyl-terminated alkyl-thiol dilute SAM was “switched” using
electrochemistry[1.17]. The carboxylic acid was deprotonated to a negatively charged
carboxylate, and then by applying a positive bias on the electrode, the end-groups could
be attracted and bent towards the substrate. This was observed through changes in
wetting properties and sum-frequency generation of C-H vibrations. This and other
schemes for integrating SAMs into molecular electronic devices continues to blossom
as an active area of nanoscience and technology. Often, these systems depend on
conformational changes (i.e. mechanical switching of molecules) in models and

descriptions. However, conformational changes are rarely directly measured.

Interlocking M olecules — Catenanes and Rotaxanes
Along with SAMs, interlocking molecules also show promise for nanoscience

and technology, and are a second thrust of this work. Catenanes and rotaxanes are



interlocking molecules that are not covalently bound to each other. Catenanes consist
of interlocking rings, while rotaxanes are like rings on dumbbells. Both are depicted in

Fig. 1.2.

)

a) catenane b) rotaxane

Fig. 1.2. Interlocking molecules: a model of a catenanein a) and arotaxanein b).

This field of supramolecular chemistry has grown rapidly in recent years with
the advent of templated synthesis and other techniques for creating interlocking
molecules pioneered by Busch, Sauvage, Leigh, Stoddart, and other§/1.18, 19]. These
molecules show promise as the ultimate nano-machines and switches.

Prior to this work, electrical circuits depending upon conformational switching
of interlocking molecules had been reported[1.20, 21]. These molecules are based upon
one of the rings being charged, and the other having two points on the ring, one of
which can be charged or discharged in metastable states. The electric gradient induced
in this ring causes the switching, illustrated in Fig. 1.3. Upon switching of the
molecules, large resistivity changes occur. However, the conformational changes have
not been directly measured, and results based on mechanical switching within the

molecules have now been called into question[1.22]. Thus, direct measurement of the



morphology of molelcules that depend on conformational switching is necessary to

ensure observed physical property changes are not entirely due to other phenomena.

a8

Fig. 1.3. A model of a switching catenane. A functionalization within the ring can be
char ged/dischar ged, inducing and electrical polarization in thering and confor mationally switching
the molecule.
Surface-Attached Interlocking M olecules

Our goals were to develop methods to covalently link these molecules to
surfaces — creating surface-attached catenanes and rotaxanes1.23-25] as depicted in
Fig. 1.4. Such surface-attachment is the natural progression towards building single

molecule detectors and/or devices and integrating them with conventional electronics.

Additionally, quantitative techniques used in this work such as x-ray

a) surface-attached b) surface-attached
catenane rotaxane

Fig. 1.4. Surface attached interlocking molecules.



photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, and
especially near-edge x-ray absorption fine structure (NEXAFS) deliver direct
observation of chemical composition, substrate binding, and even conformational
orientation.  Unlike indirect techniques such as resistivity measurements or
electrochemistry, these techniques can show whether molecules are bound to a surface
in monolayer fashion, and can potentially directly measure conformational changes in
surface-attached interlocking molecules for molecular electronic applications.

Some initial experiments with such molecules (which came to us from UCLA)
containing interesting chemistry in their switching molecules (Fig. 1.5, Fig. 1.6)[1.20,
21] were only marginally productive. Although spectra from the molecule presented in
Fig. 1.5 showed features consistent with the full catenane, standard SAM formation
techniques led to more than a monolayer on the surface, and included fragments of the
molecules. The “surface-attached” molecule in Fig. 1.6 most likely was only attaching
on one end. The nitrogen signal was not present, indicating that the adsorbate species
did not have the aromatic, nitrogen-containing ring. These results inspired our work in

characterizing simple surface-attached loops and rotaxanes on surfaces.

Fig. 1.5. A surface-attached catenane investigated in the early stages of this work. Molecule and
figure courtesy of UCLA.
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Fig. 1.6. A functionalized, switchable, surface-attached catenane investigated in the early stages of
thiswork. Molecule and figure courtesy of UCLA.

| ssuesto be Addressed
Many open questions exist on fundamental binding and structure of SAMs and

interlocking molecules introduced above. This work addresses a number of relevant
issues. SAMs are increasingly used in chemical and biological functionalization of
surfaces.  Chapter 3 addresses the stability of alkanethiols on gold under ambient
atmospheric conditions, which is crucial to biological, chemical, and molecular
electronic applications.

e AreSAMstruly stablein air?

e CanaSAM survive, and if so...

e Will amolecule anchored by a gold-thiolate bond remain intact?
In Chapters 4 and 5, questions of carboxyl functionalization are addressed for
formation, structure, and nanomechanical functionality.

e How does a carboxyl termination affect SAM formation and order?

e What isthe orientation of the end-group on the surface?



Carboxy! terminated SAMs are commonly used, however a controversy exists
as they have been reported to form both ordered and disordered films[1.26, 27].
|sthere a means that produces well-ordered SAMs consistently?

What effect does the alkyl-chain play on carboxyl-terminated SAM structure?
Are there more robust carboxyl-terminated surface-anchoring molecules such
as disulfide-containing thioctic acid?

Do films formed from thioctic acid, with a large footprint, disulfide containing
base and a short akyl chain show any SAM-like behavior?

What happens when the alkyl-chain interactions are reduced and the carboxy!l
groups are free to interact as in monolayers of thioctic acid?

What happens to monolayer structure if the terminating carboxylic acid is
deprotonated to a highly charged carboxylate?

If these films do change in a nanomechanical fashion, is the switching

reversible?

Such potential switching leads to a central question:

Can simple interactions be utilized to conformationally switch a surface-

attached rotaxane?

Chapters 6, 7, and 8 address novel molecules and precursors for functionalized,

surface-attached interlocking molecules.

As aprecursor to a surface-attached catenane, and based on the initial failureto
create the intended functionalized surface-attached interlocking species
pictured in Fig. 1.6, can one manipulate the synthesis of organics to form

surface-attached loops?



e To actualy form molecular scale devices, forming surface-attached, molecular
monolayers could be an important step. Can one form surface-attached
rotaxanes, and how?

e With simple, functionalized, surface-attached rotaxanes, can the actual
conformational switching be measured?

e Can the orientation on the surface be directly determined?

Quantitative answers to these questions are presented in the coming chapters, furthering
knowledge of binding, orientation, chemical switchability, and the ability to directly
measure conformational changes for nanomechanical systems based on molecular
monolayers. Chapter 2 introduces NEXAFS in detail, with its ability to determine both
chemical composition and conformation in ultra-thin organic films. XPS is aso
introduced, emphasizing its ability to determine chemical composition with atomic sub-
monolayer sensitivity and to give an estimate of monolayer thickness. The chapter
concludes with a brief overview of FTIR spectroscopy and its ability to distinguish

chemical environments and compositions.

Summary

This work uses the quantitative spectroscopic and structural techniques of near-
edge x-ray absorption fine structure spectroscopy (NEXAFS) and x-ray photoelectron
spectroscopy (XPS) to resolve questions in carboxyl functionalized self-assembled
monolayers and in surface-attached interlocking molecules. These techniques elucidate
the extent of substrate-molecule binding, the chemical composition of the films, and

also provide a direct measurement of film structure. Through the analysis of such data,



we gain a fundamental understanding of film morphologies for improved SAMs, thus
leading to more robust, higher efficiency chemical and biological systems. We also
characterize formation conditions that lead to surface-attached monolayer species, and
their orientations on surfaces in simple rotaxanes. The ability to directly measure
claimed conformational changes that presumably are accompanied by physical property
changes (e.g. resistivity) is paramount to understanding and development in this area of
nanoscience. This research furthers our fundamental understanding of surface-attached

catenanes and rotaxanes for incorporation into monolayer nanomechanical systems.
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Chapter 2

Experimental Techniques

Monolayer Formation

The substrates used were epitaxial films of gold on mica, or gold on Ti/Si(100).
Gold on mica substrates, consisting of ~1500 A Au evaporated on green, freshly
cleaved mica were purchased from Molecular Imaging Inc. Gold on Si substrates were
formed by evaporating a 5 nm Ti adhesion layer and then 1000 A gold onto Si(100)
substrates in high vacuum (10°® to 10 torr).

Hydrogen-flame annealing maximized the Au(111) terrace size, and assisted in
removing impurities from the gold substrates before exposure to SAM solutiong2.1].
Annealing was accomplished using purified hydrogen (99.99%), and a special torch
(The Little Torch™, Smith Equipment, Watertown, SD). A #2 tip with a 0.15 mm
aperture in a sapphire bead allowed for a very small flame size. Safety precautions
were observed, including using a sufficiently small cylinder such that if the entire
contents were released into the room, the concentration would be below 4% in air, the
point at which dilute hydrogen will burn. Standard backflash arresters furthered safety
precautions with this flammable and potentially explosive gas. The hydrogen regulator
was set to about 2 PSIG (15% ATM) and the lines were purged with hydrogen for 10-15
sec. to prevent backflash in the torch lines. The burning torch was adjusted to have a

flame length of about 1-2 cm, and burns a very dark blue color that is invisible under
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standard room lighting conditions, but is visible in a darkened room against a black
background. Substrates were placed face-up on a 2 cm thick, 10 cm diameter fused-
quartz plate. (Asan added cautionary note, when 0.75 cm plate glass was initially used,
local heating from the torch was sufficient to cause the glass to burst!) The quartz was
heated around the substrate with the torch. Initially, this created a visibly hazy layer of
condensed water droplets on the cool quartz substrate, but as heating continued, the
substrates became sufficiently warm to no longer retain water vapor. This assured even
heating and annealing. The substrates were then annealed using the outer edge of the
hydrogen flame with sweeping motions across the face of the substrate at a frequency of
about 1 Hz for about 30 seconds. Care must be taken, especially with the mica samples.
A visible, dark reddish glow often indicates the heating has been too high, which ruins
the atomically flat surface as seen with subsequent AFM characterization. Si-based
substrates take more heat for annealing, presumably due to the higher thermal
conductivity in the Si. Flame annealed Au/mica can have (111) terraces up to 500 nm
by 500 nm[2.1], but our samples typically had terraces estimated to be ~100 nm in
width using AFM. Si-based substrates led to smaller domains, with terraces widths
from ~10-50 nm in our samples.

Substrates were then immersed in ethanolic (or other) solutions of thiol or
disulfide containing molecules. These solutions are prepared by simply dissolving a
few mg of molecules into a few ml of solvent. In most cases, 1 umol to 1 mmol is an
appropriate concentration that allows for a huge excess of molecules in solution. SAMs
then form through gold-thiolate bonding and self-assembly as described in Chapter 1.

Substrates were left immersed in solutions for ~24 hrs. to alow for compete monolayer
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formation. Monolayers were then rinsed in the corresponding pure solvent to remove
extraneous molecules. The much greater srength of the sulfur-substrate bond in the
first monolayer as compared to the mostly van der Waals bonding between the first and
subsequent monolayers then often leads to the clean formation of single molecular
monolayer. The SAMs were finally carefully blown dry with nitrogen; the best
monolayers result from carefully driving solvents to the edge and off of the sample with
the N, stream, rather than allowing the solvent to evaporate on the surface, leaving
behind trace solvent impurities or excess molecules. Samples were then immediately
placed in the vacuum chamber for analysis to prevent degradation of the thiolate as

discussed in Chapter 3.

Near-Edge X-ray Absorption Fine Structure Spectroscopy

Near-edge x-ray absorption fine structure spectroscopy (NEXAFS) can answer
guestions of the chemical state and orientational nature of molecules on surfaces, and is
a part of a broad set of measurement techniques called X-ray absorption spectroscopy
(XAS.) For XAS, one measures the absorption of a tunable source of x-rays as photon
energy is scanned through the electronic core-level binding energy of an element
present in the probed material. Thus, XAS has inherent elemental specificity, as one
chooses the absorption edge of the core-level of interest, such as the K-edges for carbon
at ~288 eV, nitrogen at ~399 eV, or oxygen at ~534 eV. The resultant spectrum is the
absorbed x-ray intensity vs. photon energy. A steep absorption onset arises as the
energy passes through the first allowed transitions from the core-level to unoccupied

bound states, and as the energy is increased one reaches the core ionization potential or
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binding energy. The ionization potential occurs at the point where x-ray energy is just
large enough to excite electrons beyond the vacuum level, or into the continuum as
photoelectrons, and, in the simplest picture of x-ray absorption, leads to a step-function-
like feature in the spectrum. However, the energy position of this bound-to-continuum
step edge, from x-ray absorption alone, is neither directly observable nor easy to obtain
due to the many sharp, bound-to-bound excitations occurring at lower energies and
overlapping this edge.

Two energy regions of interest with associated sub disciplines exist in XAS
studies. Extended x-ray absorption fine structure (EXAFS) deals with the small
oscillations of afew percent occurring at energies much higher than the absorption edge
due to photoelectron scattering from the local atomic structure of the material probed,
while the much stronger, partial unoccupied density of states features within 30-100 eV
of the absorption edge are referred to as the x-ray absorption near-edge structure
(XANES) or NEXAFS.

The synonyms XANES and NEXAFS are often used interchangeably within the
literature. However, XANES is often used when dealing with absorption from deep
core-levels and/or when used in conjunction with EXAFS[2.2]. Conversely, NEXAFS
is nearly exclusively used when referring to experiments involving K-edges (absorption
arising from 1s core levels) of light elements such as C, N, and O, with emphasis both
on the chemical nature through partial density of states mapping, and bond orientation
through polarization dependencies of these antibonding orbital states. Thus, NEXAFS

is the descriptor of choice for this dissertation.
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NEXAFS is very sensitive to bonding environment through the measurement of
the partial unoccupied density of states or equivalently, the measurement of excitations
into molecular antibonding orbitals. For C, N, and O, these orbitals are most often sp,
5%, or sp° hybridized, and are often designated as z* or o*. In addition, atomic-like
Rydberg (R*) excitations occur and converge on the continuum near the ionization
potential. NEXAFS easily identifies the z* or ¢* nature of the empty electronic states,
and exploits the associated symmetries. For many systems, fingerprinting based on
spectra from well-characterized molecules, and/or a combination of theory and
experiment are often necessary to unambiguously resolve chemical nature[2.3].
NEXAFS features also exhibit chemical shifts, for example, the carboxyl z* appears at
288.7 eV in the C K-edge, roughly 3.3 eV higher than for the z* resonance in benzene
or graphite (~285.4 eV). The higher excitation energy of the C 1s core-level in the
carboxyl group arises from the electron-density withdrawing effect of a single carbon
atom bound to two oxygen atoms. Features within the partial density of states lead to
not only chemical information, but spatial orientation of their associated orbitals, via

measurements of the angular dependence of NEXAFS, as described in the next section.

NEXAFS Polarization Dependence and its Connection to Orientation

NEXAFS powerfully and quantitatively determines orientations of orbitals and
hence bonds and even molecules. Consider, for example, the Hamiltonian H for a
single electron of charge e, mass m, and momentum p in an electromagnetic plane-wave

field with vector potential A[2.4-7]:
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2m c

Using an incident plane wave in the coulomb gauge, expanding the square, and

neglecting the higher-order A*term, (2.1) becomes

p* e
H=2—+V,(r)+—A-p (2.2)
2m mc
where V,(r)is the static potential of the nuclei and other electrons, and the first

perturbative term is iA-p. Next, look at the transition probability from an initial
mc

state |i) to afinal state | f) driven by this incident plane wave:

2

R =|(1]S A

)

(2.3)

where A = E%(ei“"x'“‘) +e'**). The amplitude of the wave is A,, E is a unit

vector in the direction of the electric field, k is the wave-vector in the direction of
propagation, and wis the frequency of the radiation. As presented later in this chapter,
radiation used for NEXAFS is often elliptically polarized, so E is complex. The

transition probability isthen

Py oe|(fEx( e 4 et i) (2.4

K ex-at) k ex-at)

The operator € corresponds to the absorption of a photon while e
corresponds to the emission. Considering only absorption, and looking at the time

average, the transition probability between iand f is
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Ry oe|(f [€“*Espi)[ - (2.5)
The dipole approximation now assumes kex <1, or that the region over which this
integral is non-zero is much smaller than the photon wavelength. Thisis well satisfied,
as the photons used for C, N, and O K-edges are from 2.0 — 4.5 nm and the orbital radii
of the 1s sub-shells are less than 1A. Upon application of this approximation, (2.5)

becomes

Py o< [(f |E=p|i)[° (2.6)

The momentum operator in this dipole matrix element can also be represented in

“length” form[2.4, 8], which leads to the expression

Py o [Eo(f|r i) 2.7)

The final state, in the lighter, second row elements of interest, can be represented to
good first approximation by a hybridized molecular orbital of mixed 2s / 2p nature.

This orbital may be represented as a linear combination of atomic orbitals:
| f)=a|2s)+b|2p,)+c|2p,)+d|2p,) along with terms due to atomic orbitals on near-
neighbor atoms. The dipole selection rule immediately implies that the contribution

from 2s be zero. Near-neighbor terms will contribute very little to the matrix element.

Considering first the case where b=1 and c=d=0, the meatrix element becomes

(f

probability density of a more general final-state orbital will be along the vector

Eer

1s)=(2p, [E,X1s) which goes like X°, and is non-zero. The maximum

O =be, +ce, +de, and (2.7) can then be reduced to the heuristic form
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2

B o< E-O

(2.8)

Thus, the intensity of absorption is proportional to the dot product of the electric field
vector and the direction of maximum probability density for the final-state orbital,
which is collinear with the transition dipole moment. Orbital and hence molecular
orientation may thus be obtained through the use of polarized x-rays.

Fortuitously, bend-magnet radiation generated at synchrotron light sources
(described in the next section) is naturally highly polarized in the plane of the storage

ring. One can define the degree of linear polarization ag[2.4]

2
__ 5 (2.9)
E’+ES’

where E;, is the electric field component in the plane of the storage ring, and Es is the
component orthogonal to the plane of the storage ring in the highly linearly yet
elliptically polarized light. This is easily measured, with a method presented later in
this chapter. The intensity of a resonance is proportional to the dot product of the
electric field vector and the transition dipole moment. The transition dipole moment is
commonly modeled as a vector for single bonds or linear molecular orbitals such as
carbon-carbon ¢* in an alkyl chain[2.9], or as a number of coplanar resonances as in the
case of alkyl C-H ¢* (R*) moments which lie in a plane whose normal is perpendicular
to the alky chain[2.3].

Roughly following the derivation by Stohr in reference [2.4], the intensity of a
transition into a vector orbital (or planar group of orbitals) can be derived as a function

of x-ray incidence and polar angle of the orbital (or normal to the plane.)
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Beginning with the vector case (Fig. 2.1) the intensity is simply proportional to

the dot product of the electric field and the transition dipole moment from Eq. (2.8).

Fig. 2.1. NEXAFS geometry for vector-liketrandtion dipole moments. Seetext for description.

Thisis:

E,sin(8) ) ( cos(¢)sin(e) ’
l,(E, E..0.8,a) < E, [ sn(¢)sin(a) (2.10)

S

E, cos(0) cos(«)
Using Eq. (2.9), thisis
1,(P.0.6,a) < (VPsin(6) cos(¢)sin(a) + V1~ Psin(g)sin(a) + /P cos(8) cos(ar))

(2.11)

and gives the following six terms:
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Psin(6) cos(¢)’ sin(a)’
2JP+1-Psin(6)cos(#)sin(¢)sin(e)*
2Psin(@)cos(8)cos(¢)sin(ear)cos()
(1-P)sin(¢)’sn(a)’

21— P/P cos(6)sin(8)cos(e)sin(e)

P cos(6)’ cos(e)’

(2.12)

The symmetry of the molecules in the azimuthal direction will follow the symmetry of
the substrate, and in this case, the Au(111) surface has threefold symmetry. Also, the
beam spot is much larger than a single molecule, a domain of molecules, or even
domains of the substrate. Threefold or higher symmetry can be thought of as averaging

the moleculesthat lie in different azimuthal directions, so using

2]
>
—~
ASS
SN
N
I
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the intensity of the resonance becomes
,(P.0,a) o [%sin(e)zsin(a)z + cog(6)* cos(a)zj P +%sin(0:)2 (1-P).(2.14)

Finally, separating € and « one obtains



24

1, (6, )< % P[1+%(30032 a-1)(3cos’ 9—1))%(1— P)sn’a  (2.15)

where 6 is the angle between the incident radiation and the surface, « is the angle
between the surface normal and the transition dipole moment vector, and P is the
polarization of the beam in the plane of incidence defined in (2.9) above. This is Eq.
(9.16) in reference [2.4]. One can also model the transition dipole moment as a number

of resonances in a given plane as depicted in Fig. 2.2.

Fig. 2.2. NEXAFS geometry for multiple transtion dipole moments which liein a plane. See text
for description.

For this plane model, the intensity is now proportional to the square of the

projection of the electric field E onto the plane whose normal is N:

(2.16)

Letting ‘N‘ =1, and simplifying this equation,
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1,(E.N) o E2 = (EoN) (2.17)

p

Using (2.9) and the geometry of (Fig. 2.2) and the intensity becomes

1, (P,8,0,7) 1—(\/Esin(b’)cos(gb)sin(;/)+\/1——Psin((/5)sin(;/)+\/Ecos(b’)cos(;/))2
(2.18)

and yields the following seven terms:

1

~Psin(6)”cos(¢)’sin(y)’
~2J/P1-Psin(6)sin(g)cos(g)sin(7)’

~2Psin(8)cos(6) cos(#)sin(7)cos(7) (219)
~(1-P)sin(g)*sin(y)’

—2/P~/1-P cos(8)sin(¢)sin(y)cos()

~Pcos(6)” cos(y)’
Once again, integrating over ¢, (2.13) these terms reduce to

2

1, (P,8,7) = 1—[%sin(9)zsin(y)2 + cos(9)2cos(y)2j P—(1- P)%sin(;/) (2.20)

Separating & and ¥, and collecting on P and (1-P) one obtains

1, (6,7)e< % P[l—%(?»cosz y—1)(3cos’ 9-1)}%(1— P)(1+cos’y)  (2.21)

where 6 is again the angle between the incident radiation and the surface, P is the
polarization, and y is the angle between the normal to the transition dipole moment
plane and the normal to the surface. ThisisEq. (9.17) inreference [2.4].

NEXAFS analyses based on variations of Egs. (2.15) and (2.21) abound in

scientific literature. The experimental angular variation of a given resonance is fit to



the appropriate theoretical expression, with estimated degree of linear polarization P.
Often analysis proceeds by the ratio or difference method, while leaving functions in
terms of 6 only. The intensity curves are then plotted, and fits are estimated based on
these curves. Although this is sufficient for estimating polar angles, leaving all angles
as functions of cos® greatly simplifies data and error analysis, and allows for greater
precision through linear regression. As a part of this work, the description of a more
elegant method of NEXAFS data analysis is presented.

To remove the proportionality, ratios are taken between spectra taken at
different incident angles. In order to greatly simplify analysis, the intensities are left as
functions of cosine squared. Thus, with © =cos’8d, A =cos’a, and I"'=cos’y the
intensities from Egs. (2.15) and (2.21) become:

,(6,A) _P(3A-1)0,-A+1 (222
,(0,,A) P(3A-1)©,-A+1

and

= i (2.23)

These two equations are linear in ©,. A linear regression is then obtained from all
spectra acquired at ©, vs. each incidence spectrum taken at ©,;. For N spectra, this

leads to N slopes and N-1 offsets that each return o (or y.) One can then obtain a very
precise angle from the average of 2N-1 angles, and a precision error based on the

standard deviation of these angles.

26



Another common method of determining orientation of bonds is through taking

the difference of spectrataken at various incidence angles and comparing to a sample of

a known orientation[2.4]. As a function of cos’f —cos’6, (or ©,-©,) these

equations are also linear:

IV(Gi,A)—IV(Gj,A):SID[gA—%j(Gi—Gj) (2.24)
and
|p(®i,r)—|p(®j,r)=sp[—gr+%j(®i—®j) (2.25)

so linear regressions of all difference spectra taken at ©;and ©; can be made to

determine angles relative to a sample with a known orientation. This reference sample
with known orientation is needed to determine S, the transition dipole moment cross
section, and P the polarization[2.4]. In this case, since all difference spectra are
included in asingle regression, errors are based on confidence limits of the linear fit.
Using these methods on a number of spectra, one can obtain a high degree of
precision. Typical error bars for precision are less than 1.0°. However, these values of
precision do not represent a number of other sources of systematic errorsthat lead to an
estimated accuracy of 4-5°. These systematic errors come from manipulator beamline
misalignment, estimated be a few degrees, and a number of approximations in the
analysis such as the assumption that the dipole moment is simply a vector asin Eq. (2.8)

rather than an orbital with spatial structure.



Peaks of polarization dependent NEXAFS resonances often overlap, and ride on
a polarization independent background including the step-function-like absorption edge
near the ionization potential. These two factors often make analysis using raw
intensities of peaks through Egs. (2.22) and (2.23) difficult. To resolve this issue, one
can utilize Egs. (2.24) and (2.25) with difference spectra to isolate polarization
dependent peaks, but often these peaks both overlap and have opposite polarization
dependence that eliminates accurate results by raw integration of difference spectra. In
order to resolve these issues, as a part of this work, a custom code was written to more
easily analyze polarization dependencies of overlapping peaks by simultaneously fitting
spectra with appropriate peak shapes.

Peaks are fit in the following manner to obtain accurate positions, widths, and

N-1
amplitudes. A series of N polarization dependent spectra will have > N-i
i=1

combinations of difference spectra.  All raw and difference spectra are fit
simultaneously. Peak positions and widths are held constant between all spectra, while
amplitudes vary freely. Parameters for widths and positions are varied via Monte-
Carlo, and all spectral fits are calculated with one new parameter. |If the residual for all
spectra is better with a new peak width or position, the new parameter is accepted. If
not, the original parameter is retained and a different parameter is varied. For
amplitudes, a new value is picked for a given peak and spectra. If the residual is better
for the single spectra, it is retained, otherwise discarded. This procedure of randomly
picking new parameters is repeated until the deviation of the fits vs. the experimental

curves is acceptably small. Through careful analysis using this method one exploits the
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peak position and width information primarily carried in raw spectra while retaining
polarization dependent peak information within difference spectra. Peak positions,
widths, and amplitudes return self-consistent angles using ratio (Egs. (2.22), (2.23)) and
difference (Egs. (2.24), (2.25)) methods. This method of peak fitting was used
extensively in the carboxyl-terminated self-assembled monolayer and thioctic acid
systems presented in Chapters 4 and 5.

Examples of regressions obtained using the ratio and difference methods and
peak fitting to deconvolute a polarization dependent resonance are presented in Fig. 2.3
and Fig. 2.4. These regressions were for the 0.001 mmol carboxyl terminated SAM
investigated in Chapter 4 and are representative of regressions attainable with high
quality, carefully acquired spectra, and the analysis methods presented above. Fig. 2.3
presents data points and linear regressions using the ratio method. Slopes of regressions
used with Eq. (2.23) yielded angles 40.22, 40.22, 40.29 40.36, 40.19, and 40.23 for an
average of 40.25 and remarkable precision with standard deviation of 0.06. Offsets
with (2.23) yielded angles 39.02, 39.21, 39.80, 40.72, and 38.89 for an average 39.52
and standard deviation of 0.67. The regression using all difference spectrais presented
in Fig. 2.4. The upper and lower 95% confidence limits on the slope obtained in this
regression through Eg. (2.25) yielded an error of +/- 0.2 degrees. As stated earlier, the
precise results do not account for a number of systematic errors. However, they greatly
improve upon standard analysis techniques, and could be applied to systems in which

analysis has been problematic without these methods as in reference [2.10].
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Fig. 2.3. An example of regressions obtained from the R* resonance of one of the SAM s presented
in Chapter 4 using the ratio method. The top line uses the spectra acquired at 20 degreesin the
denominator, middle regressions use 30, 40, 55, and 70, while the bottom uses the spectra acquired
at normal incidence.
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Fig. 2.4. An example of the regression obtained from difference spectra of the R* region of one of
the SAM spresented in Chapter 4.
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Measuring NEXAFS

X-ray absorption requires an intense, collimated, monochromatic, and tunable
source of x-rays. Well established through Maxwell’s equations (as later adapted for
special relativity effects) accelerating charges emit electromagnetic radiation[2.11].
Through the 1950's and 1960’ s, radiation emitted from particle accelerators began to be
investigated as a novel source of x-rays for experimental condensed-matter physics,
with this work being parasitic to high-energy physics experimentg2.12, 13]. X-rays
emitted from relativistic charged particles in accelerators produce photons from the
infrared to hard x-rays, including the otherwise inaccessible vacuum-ultraviolet and soft
x-ray regime (~50eV — 2,000 eV) with high brightness, flux and tunability of photon
energy. Today, physics, chemistry, and biology exploit these properties of synchrotron
radiation using many dedicated sources around the world.

The x-ray absorption spectra in Chapters 3 through 7 were acquired at VUV
beamline 8.2 of The Stanford Synchrotron Radiation Laboratory (SSRL) using the
SPEAR Il storage ring at the Stanford Linear Accelerator Center. This beamline uses
bend magnet radiation and a spherical grating monochromator[2.14] whose
configuration is roughly depicted in Fig. 2.5.

The spot size within our chamber is roughly 1-2 mm in diameter. These factors
contribute to make this beamline ideal for the ultra-thin, organic monolayers, as they

degrade rapidly under high-brightness more strongly focused x-rayg[2.15].
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storage ring

/djentrace
slit

grating

~

Qelectron energy analyzer
sample

Fig. 2.5. Depiction of a bend-magnet beamline. The " white" bend magnet synchrotron radiation is
monochromatized using a rotatable grating placed betweeen entrance and exit dits  Flux is
monitored using agold grid (1o.) Absorption ismeasured through sample current (Is.) Auger yeild
is measured through an electron energy analyzer. Other optics present are not shown for brevity
and clarity.

For this beamline, degradation of a simple hexadecanethiol monolayer on gold
was investigated to ensure minimal damage to molecular monolayer films. The
alkanethiolate C K-edge spectra acquired at normal incidence are presented in Fig. 2.6.
Slits were opened above what was typically used to about 40-50 microns for the exit
and entrance slits. This is an upper limit for reasonable resolution and beam intensity.
As seen in the figure, minimal damage occurs over the acquisition time, which is
typically 3-4 minutes. However, the first noticeable change in the spectra occurs
through a decrease in the C-H o* / R* features at about 289eV, with increasing changes
over time. After about 25 minutes in this test, pre-edge features, at around 285.5 eV

associated with sp or sp® carbon bonding, depicted z*, are clearly evident. The shape of

the o* resonances above the absorption onset also changes. These features are all
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emphasized with arrows in the final, lowest spectra, which had been exposed to x-rays

in the 280-325eV range on this beamline for 42 minutes.

Beam damage, alkanethiol SAM, @90

TEY (step height, offset)

PN WLWWW APARPD OO0 OO0 NN

—

O oooo
NVONROOANRDONNREDOWNADOANRDOUIN A 0O RO NN~

80 ' 290 300 310
photon energy (eV)

Fig. 2.6. A series of carbon NEXAFS spectra from hexadecanethiol on gold SAMs at normal
incidence, under the x-ray beam. The top spectra is from the pristine film, while the bottom
spectra has been in the beam ~45 minutes.

These features indicate the following changes and degradation. The spectra

presented were all acquired at normal incidence to ensure the beam remained on the

same spot. In a pristine film, C-H ¢* /| R* features are very intense, while C-C o*
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features above the edge are less intense than at grazing incidence. The decrease in the
R* and change in shape of the ¢* resonances above the edge with increasing beam
exposure are indicative of a less-ordered monolayer. The appearance of the z* feature
indicates graphitization and possible cross-linking of molecules through the appearance
of carbon-carbon double bonds. Moving to a new spot on the sample restores the
spectra to one indistinguishable from the top, pristine spectra, and this was the method
used throughout all experiments. every spectrawere acquired on portions of the sample
that had not been previously exposed to x-rays and care was taken to ensure radiation
damage was a negligible effect. The beamline slits were also set to allow less flux than
these test measurements throughout this work.

For NEXAFS experiments, high linear polarization is desirable, however,
beamline 8.2 was designed to utilize elliptically polarized radiation for circular
dichroism experiments. The emittance from “white” bend magnet beamlines
approaches linear polarization in the plane of the storage ring, but the emittance above
or below this plane leads to dlliptical polarization. Prior to each experimental run, the
beamline optics were optimized for maximum flux, which is near the maximum linear
polarization. Then, the degree of linear polarization (Eg. (2.9)) was measured through
the angular dependence of the z* feature of highly ordered, pyrolytic graphite (HOPG)
with transition dipole moment normal to the surface.

As a function of E; and &, the intensity for a vector like orbital (Eq. (2.15))
with o =0 (as in the case of the HOPG z*) reducesto simply

l,(E,.0)=E,cos’(8). (2.26)



One can then obtain spectra indicating the intensity as a function of angle about the axis

and measure the major and minor axis amplitudes squared of electric field Fig. 2.7. The
upper points and cos® (6) trace are intensities of the z* resonance when the sample is
rotated from normal to grazing incidence, with the major electric field component E of
the incoming synchrotron radiation in the plane of incidence, while E_lies in the plane

of the sample and does not contribute to the intensity of the z*. The lower trace and
two points are for normal incidence, and the spectra taken from HOPG mounted on a

wedge at 30° grazing incidence such that the minor component E,is now in the plane of

incidence, and E isin the plane of the HOPG. Thus, the sinusoidal intensities of the

HOPG r* with respect to incidence angle

HOPG pi* intensity (step height units)

degrees

+++  datapoints
rotated around vertical axis
rotated around horizontal axis
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Fig. 2.7. HOPG =n* resonanceintensity asa function of incidence angle. Top pointsand cos-squared
fit are intensity as a function of manipulator angle, while lower point and fit are derived from
HOPG mounted on a wedge, essentially rotating about the other axis. These two measurements
determine the relative intensity of Ep and Es respectively, and hence the degree of linear
polarization.

top and bottom trace are the relative intensities of E ? and E*. The degree of linear

polarization is now known through Eq. (2.9). The maximum measured degree of linear
polarization varied from about 87% to about 91.5% over the three-year period
experiments were conducted at SSRL. Additionally, the energy scales of carbon XAS
spectra were calibrated to the z* resonance of HOPG which was taken to be at 285.38
eVv[2.16].

Measuring X-ray absorption can be accomplished in a number of ways. In the
most pristine and true case, the transmission of x-rays through the material is measured
as a function of energy, with the absorption being the difference between the incident
+1

radiation and the transmission: | However, measuring

incident — Iabsorption transmission *
NEXAFS of surface adsorbate species in the soft x-ray regime in transmission is
impractical due to the extremely short mean free path (~1 #m) of the photons in this
energy regime. Thus, other indirect methods such as partial fluorescence yield, total
fluorescence yield, total or partial electron yield, or auger electron yield are used to
measure x-ray absorption. Auger electron yield (AEY) and tota electron yield (TEY)
are especially useful in NEXAFS spectroscopy because of their inherent surface
sensitivity.

Auger electron yield, (Fig. 2.8) is one method to measure the absorption.

Electrons taken from core-levels into unoccupied states create an unstable core hole.
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For light elements, there are two decay channels. an electron from an outer-core or
valence level drops into this core hole, and the atom emits fluorescent photon, or an
outer-core or valence electron drops into the core and transfers energy to another
electron in a nearby outer-core or valence state, yielding Auger electron emission. The
probability for fluorescence yield in C, N, and O is only a few percent, so Auger decay
dominateg[2.17]. This Auger electron is emitted with kinetic energy related to the
change in energy of the first electron dropping into the core-hole, the binding energy of
the gjected second electron, and the work function of the material. The Auger electrons
are detected using an electron energy analyzer set to the appropriate kinetic energy, and

the intensity is proportional to x-ray absorption.

detect auger e .

\

@ ] unoccupied @ | 1

occupied m
hv

core levels

Fig. 2.8. Auger-yield energy level diagram. An x-ray excites an electron into an unoccupied or bital,
and the absor ption is deduced through the detection of auger eectrons.

Total electron yield (Fig. 2.9) uses the relaxation of the core hole created by the
absorption process. As an electron falls into the hole, it either emits an Auger electron
or aphoton. This electron or photon inelastically scatters creating a cascade of excited

electrons leaving the sample. This current is large enough to be measured with a
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picoammeter, and the electron current flowing back into the sample is proportional to

absorption.

I— E— 'ﬁ.f y

occupied

Fig. 2.9. Total electron yield diagram. The relaxation of the absorption event causes an electron
cascade through inelastic scattering of auger electrons and re-absorption of fluorescence photons,
detected aselectron current into the sample.

Each of these techniques for measuring x-ray absorption in a surface sensitive
way, Auger yield and total electron yield, has unique advantages. One of these
distinctions is the difference in probing depth. The inelastic mean free path of electrons
calculated for polystyrene, and experimental values for alkanethiol SAMs on gold are
presented in Fig. 2.10 from references [2.18-20]. Auger electrons have kinetic energies
of about 260 eV for carbon and 510 eV for oxygen, and mean free paths of 10 A and 16
A respectively. Thus, the Auger yield method has extremely high surface sensitivity.
Alternatively, total electron yield measures electrons that have likely suffered energy
losses or have been created through inelastic scattering. These lower-energy electrons
statistically estimated mean free paths of escaping electrons of 35 A [2.20] or higher,
and thus total electron yield essentially uniformly probes molecular monolayers of 5 —
20 A in thickness. Tota electron yield also measures higher currents and leads to

better signal to noise ratio.



Beamline optics must additionally be considered. The photon beam from the

storage ring encounters various carbonaceous materials on slits, soft x-ray mirrors, and

50 T

40 .

30 T

20 —

IMFP (Angstroms)

10 .

1
%10 100 110°

electron energy (eV)

calculation, polystyrene
alkanethiol SAMs
® ® o glkanethiol SAMs (data)

Figure 2.10. Inelastic mean free path of electrons. caculated for polystyrene, fit to data for
ﬁI]I(tZQEthid SAMson gold, and the actual data pointsfor alkanethiolson gold, from references cited
the grating, often exceeding the carbon and/or oxygen absorptivity in molecular
monolayer samples. To correct for this, sample currents are divided by the total
electron yield current from a clean transmissive grid with a freshly evaporated gold
coating to normalize the absorption vs. flux. In this context, Auger yield offers high
signal to background by primarily measuring electrons directly from Auger decay of the
elements of interest. This minimizes even further the spurious carbon and oxygen

structure from beamline optics. However, using Auger yield, one must be aware of

photoelectrons that can enter the analyzer window.

X-ray photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) alows one to gain elemental and

chemical information[2.21]. Photons, typically in the soft x-ray regime, are incident on
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the sample at sufficient energy to excite electrons from bound states into the vacuum as
depicted in Fig. 2.11. Analysis of the kinetic energy of the outgoing electrons givesrich
information about the elemental composition and chemistry of the sample. When using
lower photon energies that probe the valence bands and lower binding energy electrons
(0-30 eV), this technique is often referred to as PES (photoelectron spectroscopy) or
photoemission, and when using a lower energy excitation source, UPS (ultra-violet

photoelectron spectroscopy.)

. detect kinetic e”

unoccupied

occupied

O core levels

Fig. 211. Oversimplified energy level diagram of x-ray photoelectron spectroscopy or
photoemission. Photons of constant energy excite electrons above the vacuum level. The resulting
photoelectron spectrum contains peaks associated with core levels. Small " chemical shifts' occur
in the binding ener gy of the cor e-levels depending on the chemical environment.

X-ray photoelectron spectra are acquired as the intensity of electrons as a
function of electron kinetic energy. This binding energy of an electron is most simply

related to the kinetic energy of the ejected photoelectron by E; ;,, =hv—E where

kinetic

E is referenced to the vacuum level. However, for solid samples, grounding the

binding
sample to the analyzer matches the Fermi-levels and is a convenient experimental mode

of operation. In this case, E; ,,=hv—-E where the binding

kinetic ¢spectrometer + ¢sample
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energy is still referenced to the vacuum level, the electron kinetic energy is measured at

the analyzer, is the workfunction of the spectrometer, and ¢, . IS the

¢spectron’eter ple

workfunction of the sample[2.21]. Alternatively, binding energies can be referenced

directly to the Fermi level, such that EF*™ =hy—E Photoelectron

binding — netic ~ Pepectrometer -
spectra are then plotted as a function of binding energy, and one can measure
photoelectron peak binding energies independently of the x-ray source used (e.g. Al Ka
vs. Mg Ka).

One of the most useful aspects of XPS for this work is chemical shifts for the
determination of oxidation or chemical state of a given element. The measured binding
energy of a given photoelectron is sensitive to both the relaxation of the core-hole as the
electron is gjected (final state effects) and to the environment of the electron prior to the
excitation event including the valence electron density at the atom (initial state effects.)
An example of the utility of XPS in this work is measuring the purity of bonding
between the sulfur headgroup and the gold substrate through chemical shifts of the S 2p
photoelectrong[2.22]. In a simple example, the spin-orbit split doublet S 2ps, / S 2p1y
is found to show different binding energies in different chemical environments. gold-
bound thiolates at 162.0 / 163.2 eV; disulfides within alkyl chains at 163.1/ 164.3 eV
unbound thiol at 163.8 / 165.0 €V; and various oxidized sulfur species arising between
167 and 172 €V. These various photoelectron peak positions illustrate the higher
binding energies of sulfur atoms in more electron-density withdrawing environments.
XPS isaso used in this work to investigate the chemical nature of various components

within surface-attached molecules and self-assembled monolayers.
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XPS can also estimate film thickness. Electrons with kinetic energies on the
order of 100 eV have mean free paths of 10’s of Angstréms, a similar length scale for
thicknesses of SAMs and molecular monolayer adsorbateg2.19, 23-26]. Thickness is
obtained by analyzing the attenuation of sulfur and gold photoelectron peaks through
the layer and/or by directly comparing intensities of the carbon 1s peaks between a film
of known thickness and the film in question. Angle resolved measurements also give an
indication of film thickness.

X-ray photoelectron spectra were obtained both at a synchrotron source and
using a laboratory source. Synchrotron-based experiments were acquired at SSRL
using a PHI 15-255G CMA electron energy analyzer and its associated OEM
electronics. The pass energy was set to 25 eV for XPS spectra. S 2p spectra were
typically obtained at a photon energy of 280 eV, which lies just below the carbon edge.
C 1s spectra were obtained at 400eV. The spectra were not normalized to the beam
current. Spectra of the Au 4f peaks of the substrates were taken immediately after each
sulfur and carbon spectrum to calibrate the binding energy scales. The samples were
grounded to the analyzer, and the Au 4f7;, photoelectron peak of substrates at 84.01 +/-
0.05 eV was used to convert the kinetic energy scales to binding energy scales. Aswith
the absorption experiments, base pressure in the Stanford experiments were about
1.0x10” torr or less.

Other XPS measurements were acquired using a PHI Quantum 2000 laboratory-
based system. One system was a The Environmental Sciences Laboratory at The
Pacific Northwest National Laboratory in Richland, Washington. A second Quantum

2000 system was acquired by the Materials Science Division at Lawrence Livermore
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National Laboratory during the course of these experiments. The system uses an Al
Ko monochromatic x-ray (1486.7 eV) source for excitation, which can be focused
from ~50 gm to ~200 #m, and in afinal mode can be rastered over a1l mm x 1 mm area.
For these experiments, the source was set to either the 200 #m or 1 mm x 1 mm spot
size. The incident x-rays are nearly normal to the surface when in the default,
horizontal mode, and the analyzer is about 45° from normal. The system uses a
spherical section analyzer, with a 16-element multi-channel detection system. The pass
energy was 23.5 eV, giving an overall energy resolution of about 0.3 eV. Energy scales
for both systems are referenced to binding energies of Cu 2ps, at 932.72 +/- 0.05 eV
and Au 4f;; at 84.01 +/- 0.05 eV. Spectrawere recorded at base pressures less than 10
torr. Low energy electrons and argon ions are available for charge neutralization in
insulating samples, but were not needed for molecular monolayers on gold. Instead, the
highly conductive gold substrates were grounded to the analyzer so that the Fermi levels

between the two were a the same potential.

Reflection-Absorption Fourier Transform Infrared Spectroscopy
Reflection-absorption Fourier-transform infrared (RA-FTIR) spectroscopy
complements NEXAFS. Like many experimental techniques, IR spectroscopy is
fundamentally very simple. A nearly “white” source of infrared radiation passes through
a Michelson interferometer. The output beam is then directed toward the sample where
the beam specularly reflects from the monolayer and substrate into the detector. The

detector smply detects the intensity of the incoming infrared light as a function of the
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movable mirror position in the interferometer. A Fourier transform converts the
spectrum to the wavelength scale.

Any chemical bond between two different elements is slightly polarized, and all
bonds at finite temperature vibrate. This vibrating charge can emit or absorb radiation in
the infrared region. The sample selectively absorbs wavelengths of vibrational
eigenmodes, allowing the identification of different chemical species and bonds. In
reflection absorption mode, where Maxwell’s equations show the electric field is
perpendicular to the highly conductive surface, bonds oriented orthogonal to the surface
are preferentially excited. Although this method is not directly used in this work to
obtain orientational information of bonds on surfaces, one must consider this effect.

Fourier transform infrared (FTIR) spectra were obtained using a Nicolet 560
FTIR with an MCT detector and a reflecting grazing incidence accessory. The largest
aperture was used (1.7cm x 2.7cm) for analysis, and either freshly H, flame annealed
gold substrates or SAMs consisting of undecanethiol on gold were used as background

references.

Summary
In summary, near-edge x-ray absorption fine structure spectroscopy (NEXAFS)
directly probes the chemical nature of films through the element-specific mapping of

unoccupied density of states. For second-row elements, NEXAFS polarization



dependencies powerfully determine directionality of molecular orbitals and hence the
orientation of molecules on surfaces. X-ray photoelectron spectroscopy (XPS) gives
chemical information through chemical shifts of photoelectron peaks, and is especially
useful in determining extent of gold-thiolate bonding. As XPS is an extremely surface
sensitive technique, film thickness may also be determined. Fourier Transform Infrared
(FTIR) Spectroscopy through the vibrational excitation of atoms in electrically
polarized bonds gives rich information about chemical species on the surface. These
techniques quantitatively characterize molecular monolayers for coverage, substrate

binding, chemical nature, and orientation on surfaces.
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Chapter 3
Rapid Degradation of Alkanethiol-Based Self-Assembled

Monolayerson Gold in Ambient L aboratory Conditions

Introduction

Solution exposure of alkanethiols to gold creates easily formed, relatively stable
self-assembled monolayers that can be used for chemically or biologically
functionalizing surfaces. The stability of such monolayers to ambient conditions is
often taken for granted, however recent reports have cast the assertions into doubt by
suggesting a limited shelf-life for akanethiols on gold under eg. biological
conditiong3.1]. In this chapter, we first review some of the literature on degradation of
SAMs under different types of exposure, and then present some of our own data on this
important aspect of functionalized surfaces.

Early laser desorption experiments first saw oxidation features in
hexadecanethiol on gold exposed to air[3.2] but did not quantitatively explore the
stoichiometry and assumed (possibly incorrectly) that the oxidation was small. Other
mass spectrometry desorption studies found oxidized fragments consisting of M-C-SO»-
(sulfinate) and M-C-SOs- (sulfonate) specieq 3.3, 4].

Later, a method for SAM removal using ultraviolet light and the associated

ozone (Os) such light produces was presented[3.5], with the ozone allegedly oxidizing



the thiolates. Subsequently, photochemical removal methods using wavelengths
insufficient to create O; from O, degraded and removed an oxygen-containing
mercaptoundecanoic SAM, but were slow in removing an akanethiol[3.6]. These
studies concluded that UV light and the presence of oxygen could remove SAMs from
gold surfaces.

Further exploration supports ozone is a primary culprit for SAM degradation. In
one study, SAMs were exposed to Ny, pure O, H>0, and O,, enclosed pressurized air,
and Os. Only the O3 exposed thiolates oxidized[3.7]. Another showed that the presence
of light was not required to oxidize the SAMs, and that highly-crystalline, Au(111)
substrates fare better than rougher surfaces with sulfur moieties oxidizing to both
sulfinate and sulfonate[3.8].  Additional reports conclude that for alkanethiols,
oxidation occurs extremely rapidly and efficiently through ozone exposure[3.7, 9-11].

Morphological changes have also been reported for degrading alkanethiols.
Scanning tunneling microscopy measurements found thiolates oxidize first at domain
boundaries. The oxidized molecules begin forming a striped phase[3.12][3.13]
between pristine domains. A final “fluid” phase is both disordered and deforms the
underlying gold surface[3.14].

Here, we investigate the degradation of alkanethiols on substrates used in this
work under ambient, atmospheric, laboratory conditions using x-ray photoelectron
spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). Rapid degradation
could be extremely important not only to SAMs, but to surface-attached loops and

interlocking molecules on surfaces with a more exposed Au-S interface. Both the
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changes in the sulfur, carbon, and oxygen chemistry and stoichiometry using XPS are
guantitatively explored for five dodecanethiol-on-gold samples: (1) a freshly prepared
sample, (2) a sample stored in capped vials in darkness, (3) avial-stored sample under
fluorescent lighting, (4) a sample simply exposed to air in the dark, and (5) a sample
exposed to air in the light. XAS measurements were also carried out to investigate
chemical and morphological changes on two samples: a fresh one, similar to sample (1)
above, and a second exposed to ambient lighting and atmosphere overnight, in similar
fashion to sample (5).

We find SAMs oxidize most readily when exposed to air, and that oxidation is
minor if the SAMs are stored in closed, air-containing vials, compared to pristine films.

Asthe film oxidizes, the SAMs lose their ordered, crystalline nature.

Experimental
Reagents and Materials

Reagents were purchased from commercial sources and used as received.
Dodecanethiol(98%) was purchased from Aldrich. Ethanol was purchased from Aaper
and used as received. Fischer vials of 15 ml in volume with polyethylene stoppers were
used for sample storage/aging. Au(111) substrates were formed by evaporating 5 nm Ti
and then 100nm Au on Si(100) under high vacuum. All gold substrates were hydrogen

flame annealed immediately before use[3.15].

Sample Preparation
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Samples were prepared by immersing freshly annealed gold substrates in 1
mmol dodecanethiol in ethanol for 24-36 hours. Samples were pulled from solution,
rinsed with ethanol, and blown dry with nitrogen. Samples for XPS measurements were
as follows. The first, fresh sample was immediately introduced into ultra-high vacuum
and subsequently analyzed. Other samples were placed in clean 15 ml vials. The
second was placed in an air-containing stoppered vial, wrapped thoroughly in aluminum
foil, and labeled “vial/dark.” Sample 3 was placed in a capped vial and placed on the
laboratory bench under common fluorescent lighting conditions and labeled “vial/light.
The fourth vial was left open, but wrapped in foil and placed under a foil tent to allow
some ambient air flow/exchange and labeled “air/dark.” The final, fifth sample was
placed in an open vial, and placed on the bench under light and labeled “air/light.”
These samples were left overnight in the laboratory, and placed in UHV the next
morning for analysis. For separate XAS measurements, two pristine SAMs were
prepared in the same manner. The “fresh” sample was analyzed immediately, while the

second was allowed to sit in the ambient laboratory conditions overnight.

Instrumentation

X-ray photoelectron spectra were recorded using a PHI Quantum 2000 XPS
system with details explained in Chapter 2. The anode was set to high energy and the
analyzer pass energy was set to 23.5eV while the x-ray source was set to 40 wattsand a

200 micron focal spot, giving an overall resolution of about 0.3eV. Spectra were
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acquired at ~ 10 torr. Spectra were calibrated by setting the center of the strong Au
4f7, peak to 84.01 eV.

X-ray absorption spectra were recorded & VUV BL 8.2 of The Stanford
Synchrotron Radiation Laboratory (SSRL,SPEAR I1) at the Stanford Linear Accelerator
Center under conditions for the C K-edge presented in Chapter 2. Additional XAS
experiments were conducted with an energy resolution of about 0.25 eV at the Sulfur L-
edge. Absorption spectra were recorded using total electron yield (TEY) and were
normalized to the incident beam via the current from a clean transmissive grid with a
freshly evaporated gold coating. Spectrawere recorded at a base pressure of lessthan 1

x 10° torr.

Results

Sulfur 2p XPS spectra are presented in Fig. 3.1. Spectra are presented from top
to bottom, for (1) the freshly prepared SAM, (2) the sample in a capped vial stored in
the dark, (3) the capped vial in the light, (4) the uncapped air-exposed sample in
darkness, and (5) uncapped in the light. Drastic changes occur in the sulfur spectrum.
Presented are both data and best-fit line for clarity. The fit consists of S 2p spin orbit
split components: S 2ps2 (S 2piz) of approximate branching ratio 2:1 and energy
difference of 1.2 eV. Peaks were fit with pure Gaussian functions with error function
(integrated Gaussian) backgrounds centered at the peak positions. Four doublets were
allowed in the fits. Full width half maxima were allowed to vary between 0.8eV and

1.3eV. The lower binding energy peaks (161.97 - 164.36eV) tended to have a smaller
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width of about 0.85 eV compared to higher binding energy peaks (167.1 — 168.3 eV) at
about 1.2 eV. The fresh sample contains primarily a spin orbit split doublet with S
2pz2 a 161.97 eV, while the air-exposed samples contain primarily a doublet at 167.1

eV. Fit doublets and intensities are summarized in Table 3.1.

| | | |
hv: Al Ko
- S 2p | _

counts (arb. units)

175 170 165 160 155
binding energy (eV)

Fig. 3.1. Sulfur 2p XPSfor dodecanethiol adsorbed on Au(111): seetext for description.



55

Table3.1: S2pintegrated intensities, pristine/ air exposed SAMs
monochromatized Al Ko source

S 2p32 (S 2pup) in eV fresh via, dark  vidl, light  air, dark air,
light

160.91(162.12) 0% 4% 4% 0% 0%
161.97(163.17)  74% 70% 73% 17% 3%
163.17(164.36)  26% 26% 20% 7% 0%
167.09(168.30) 0% 0% 3% 76% 97%

synchrotron based, hv = 280eV

S2pz2 ineV

161.9 82% 43%
163.5 10% 8%
166.8 7% 49%

error estimated at up to 10%.

Sulfur x-ray absorption spectra are presented in Fig. 3.2 for a fresh
dodecanethiol sample and one exposed to ambient laboratory conditions. Changes also
occur in these spectra, with two prominent peaks appearing above the absorption onset
at about 175 eV and 184 eV. Pre-edge features in the fresh sample at about 167 eV are

also reduced in the air-exposed sample.
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Fig. 3.2. Sulfur L-edge XASfor dodecanethiol adsorbed on Au(111) fresh sample (top) and another
left on the bench over night uncover ed (bottom.)

Oxygen 1s XPS spectra are presented in Fig. 3.3 for the same series of five
preparation conditions. Oxygen concentrations are below detection limits for the fresh
and vial-stored samples, as expected. However, for the air-exposed samples, the
appearance of oxygen strongly supports oxidation of the sulfur species in Fig. 3.1 and
Fig. 3.2 in the air-exposed samples.

Carbon 1s spectra are presented in Fig. 3.4 for the series of samples. The
integrated carbon signal is, as a percentage of the fresh SAM carbon intensity, 98% for
the vial/dark, 97% for the vial/light, 68% for the air/dark, and 59% for the air/light. The
peak position changes little for the vial stored samples, but the air exposed C1s peaks
are shifted to lower binding energy by about .75eV. These air-exposed sample peaks

are also slightly broader and more asymmetric.
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Fig. 3.3. Oxygen 1s XPS for dodecanethiol adsor bed on Au(111): seetext for description.
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Fig. 3.4. Carbon 1s XPSfor dodecantethiol adsorbed on Au(111): seetext for description.



Carbon NEXAFS spectrafor the freshly prepared dodecanethiol-based SAM are
presented in Fig. 3.5. Features include the sharp C-H ¢* / R* features near the
absorption edge at around 288 eV. Also visible are C-C ¢* and C-C' ¢* features at
roughly 293 eV and 301 eV respectively. Spectra are as expected with a strong linear
dichroism indicating a well-ordered, densely-packed, self-assembled monolayer with

alkyl chainstilted about 35° from normal.

3 | |

fresh 20° 90° ]

total electron yield

difference (90-20)
= o
I
|

290 300 310
photon energy (eV)

Fig. 3.5. Carbon NEXAFSfor thefreshly prepared and analyzed sample. Top: spectra acquired at
normal (90 degrees) and grazing incidence (20 degrees.) Bottom: difference spectra.

Carbon NEXAFS spectra for the sample exposed to air, however, show different
resultsin Fig. 3.6. The spectra continue to have a small amount of dichroism, but much
less than the fresh sample. The first R* / C-H o * feature is attenuated, but other o *

features look similar to the freshly prepared sample.
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Fig. 3.6. Carbon NEXAFSfor the sample exposed to air. Top: spectraacquired at normal (90
degrees) and grazing incidence (20 degrees.) Bottom: difference spectra.
Discussion

The freshly prepared samples look as expected in sulfur 2p, carbon 1s, and
oxygen 1s XPS spectra. The main doublet S 2ps, peak at 161.9eV is gold-bound
thiolate[3.16] indicating monolayers well-bound to the substrate. Fresh samples exhibit
carbon NEXAFS dichroism consistent with well-formed SAMs,

The SAMs stored in capped vials showed small changes. Sulfur environments
were similar within experimental detection limits. The carbon intensity is slightly less,
indicating that a small percentage of the molecules have desorbed. This desorption may
increase under exposure to light in the vial as the C1s intensity was slightly less in this
case, but the difference was also within experimental error. Additionally, UV exposure
and the associated ozone production may have been minimal due to the absorption of

UV light by the glass vial.
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For the air-exposed samples, the sulfur is oxidized, especially in the air and light
exposed sample. The oxidation is seen in the S 2p XPS spectra with a decrease in the
bound component and an appearance of a new doublet with S 2ps, component at 166.8
- 167.1 eV. Thisis sulfinate, which has been reported to have binding energy of about
166.5eV[3.8]. (Alternatively, this same reference reported aso seeing sulfonate
features at 168.4eV.) Stark changes in the S L-edge spectra and the appearance of O 1s
peaks in air-exposed samples strongly support oxidation of the thiolate. Interestingly,
the capped samples show only slight oxidation. This lends support to the idea that the
process occurs through a dilute atmospheric constituent such as ozone, as reported
previously[3.5, 7, 9-11]. When the ozone is depleted, the process is quenched, and the
remaining gold-bound thiolates survive.

As the SAMs degrade, the sulfur and carbon photoemission features are reduced
in intensity, while Au 4f peaks (not shown) increase in intensity, indicating desorption
and a lower concentration of molecules left on the surface. Carbon NEXAFS spectra
show similar features, indicating minimal carbonaceous contamination, but a reduction
in dichroism, indicating a much less ordered film. R* / C-H o* features are attenuated
likely due to the chemical and structural changes occurring in the molecules. Finally,
shifts in energy and peak broadening in C 1s are consistent with both changes in carbon
chemical environments and changes towards a less-ordered monolayer with some of the
molecules possibly prostrate on the gold surface as observed with previous STM

measurements[3.14].
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Conclusions

We have measured S 2p, C 1s, and O 1s XPS spectra for dodecanethiol-based self-
assembled monolayers (SAMs) on Au(111) both freshly prepared, and exposed to
various levels of ambient laboratory conditions. Samples were removed from solutions,
rinsed in ethanol, and placed in dark capped vials, capped vials under light, and under
air exposure in uncapped vials in both darkness and light. Capped vial samples survive
reasonably well, retaining sulfur-gold bonds and losing only a few percent of the
molecules. Uncapped vials, where the SAMs are exposed to air, degrade rapidly.
Sulfur features oxidize, as seen in chemical shifts of S 2p photoelectrons and the
appearance of O 1s photoelectrons.

We have also measured sulfur L-edge x-ray absorption spectra, and carbon K-
edge NEXAFS. Sulfur absorption spectra change upon exposure to air, consistent with
XPS results indicating oxidation. Freshly prepared samples have the expected high
polarization dependence from well-packed, ordered films. SAMs which have been
exposed to air have some polarization dependence, but much less than fresh SAMs
indicating the layer is becoming significantly less ordered.

These results have important implications for applications that depend upon the
durability of SAMs under atmospheric conditions. Alkanethiols, or other organics
adsorbed on gold through gold-thiolate bonding degrade rapidly exposed to air. Care
must be taken to avoid SAM degradation by using freshly prepared samples, carefully
storing samples in benign environments, and ensuring alkanethiolates on gold have

sufficient durability for each intended application.
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Chapter 4
Chemically Transfor mable Configurations of
M er captohexadecanoic Acid Self-Assembled Monolayers

Adsorbed on Au(111)*

Abstract

Carboxyl-terminated self-assembled monolayers (SAMs) are commonly used in
a variety of applications, with the assumption that the molecules form well-ordered
monolayers. In this work, NEXAFS verifies well ordered monolayers can be formed
using acetic acid in the solvent. Disordered monolayers with unbound molecules present
in the film result using only ethanol. A stark reorientation occurs upon deprotonation of
the endgroup by rinsing in a KOH solution. This reorientation of the endgroup is
reversible with tilted over, hydrogen bound carboxyl groups while carboxylate ion
endgroups are upright. C1s photoemission shows that SAMs formed and rinsed with
acetic acid in ethanol have protonated end groups, while SAMs formed without acetic

acid have a large fraction of carboxylate-terminated molecules.

* Reproduced in part, with permission, from reference [4.1]: Langmuir, 2004, 20,
2746-2752. Copyright 2004, American Chemical Society.



Introduction

Surface modification by using @ -functionalized alkanethiols is the most simple
way to create chemically or biologically functionalized surfaces. Often, well ordered
monolayers of molecules beyond alkanethiols with such functionalizations are non-
trivial to achieve[4.2, 3].

Carboxyl terminated self-assembled aonolayers (SAMs) are one basis for
chemically and biologically functionalized surfaces. Often this type of SAM is used as
a starting point for fabricating biologically active surfaces in order to immobilize
proteins or other biological agents for further analysig4.4, 5]. Carboxylate terminated
SAMs have aso recently been mechanically and conformationally switched on a
surface[4.6]. The molecules were deposited in dilute fashion on a surface and the
carboxylate end-group was electrochemically pushed toward or away from the electrode
with the associated conformational and hydrophilic-to-hydrophobic surface property
changes. Understanding of biological molecules attached to SAMs and molecular
mechanically switching devices requires a fundamental understanding of how these
monolayers form, and their conformations upon formation.

Results have varied on the structure of carboxyl-terminated SAMs. One of the
first comprehensive studies of the structure and formation of mercaptohexadecanoic
acid adsorbed on Au(111) observed well-packed self-assembled monolayers through the
sharpness of Fourier-transform infrared (FTIR) CH; stretching peaks and determined
the chains had a tilt-angle similar to that of akanethiols through their relative
intensitieg 4.7]. This study also found the polar angle of the carbonyl bond to be about

66° from the normal with the OH group exposed to the surface. Subsequent, near-edge
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x-ray absorption fine structure (NEXAFS) measurements showed a high degree of
disorder in these carboxyl-terminated alkyl-thiol§4.8, 9]. However, recent FTIR
studies, with a strict protocol for SAM preparation, confirm the ordering in these SAMs
that is highly dependent on the state of the carboxyl group[4.10].

In this paper, ordering in carboxyl terminated SAMs under the proper
preparation conditions of a solution containing acetic acid is verified with NEXAFS and
the orientation of the carboxyl plane is determined. These monolayers are compared to
those prepared with the standard protocol of dissolving the SAM precursors in ethanol
only. This work reports the first observation of stark conformational changes occuring

in the end-group upon deprotonation to carboxylate.

Experimental
Reagents and Materials

Reagents were purchased from commercial sources and used as received. 16-
mercaptohexadecanoic acid (90%), hexadecanethiol (95%) and ethanol (99.9%) were
purchased from Aldrich. Acetic acid (HPLC grade, 99.7%) was purchased from VWR.
Au(111) substrates were formed by evaporating 5 nm Ti and then 100nm Au on Si(100)
under high vacuum. All gold substrates were hydrogen flame annealed immediately

before use[4.11].

Sample Preparation
Solutions were prepared as per Arnold et al.[4.10] by dissolving

mercaptohexadecanoic acid into 5% (by volume) acetic acid/ethanol to reach the
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desired concentrations between 1 #mol and 1 mmol. The ethanol-only sample and
corresponding  methyl-terminated SAM  were prepared by diluting the
mercaptohexadecanoic acid into ethanol. Gold substrates were placed in these solutions
for 24-36 hours. Each sample was then removed and rinsed with its pure solvent: 5%
acetic in ethanol for samples formed in 5% acetic/ethanol, or pure ethanol for samples
made without acetic acid in solution. Samples were immediately introduced into ultra-
high vacuum. The samples presented here for acetic/ethanol prepared SAMs were

formed concurrently under the same ambient conditions.

Instrumentation

X-ray absorption spectra were taken at VUV BL 8.2 of The Stanford Synchrotron
Radiation Laboratory (SSRL,SPEAR 11) at the Stanford Linear Accelerator Center with
conditions as described in Chapter 2[4.12]. Absorption spectra were recorded
simultaneously using both total electron yield (TEY) and Auger electron yield (AEY).
The degree of linear polarization was measured with highly-oriented pyrolytic graphite
(HOPG) to be about 88% in the plane of the storage ring during these experiments. The
energy scales of carbon XAS spectra were calibrated to the z* resonance of HOPG set
to 285.38 €V[4.13].

X-ray photoelectron spectra were obtained using a PHI 15-255G CMA electron
energy analyzer with pass energy was set to 25 eV. Spectra of the Au 4f;, (84.01 +/-
0.05 eV) were acquired immediately after each sulfur and carbon spectra to calibrate
and convert the kinetic energy scales to binding energy scales. Fourier-transform

infrared (FTIR) spectra were obtained using specifications outlined in Chapter 2.
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Results and Discussion

Changes in the ordering of carboxyl-terminated SAMs were investigated using
films prepared in various environments. SAMs were prepared in concentrations of 1
umol to 1 mmol with 5% acetic acid in ethanol and rinsed in clean solvent. For
comparison, SAMs were prepared with only ethanol as the solvent and rinse. Samples
were also prepared by using the acetic acid/ethanol solvents and then rinsed in a basic
solution (results presented here are a KOH solution, pH 12-13) to investigate how
deprotonation affects the SAM.

Carbon K-edge absorption spectra are displayed in Fig. 4.1. Total electron yield
measurements are in the left panes and Auger yield are in the right panes. The topmost
panels are the average of 4 samples (0.001, 0.01, 0.1, and 1 mmol) formed and rinsed in
5% acetic acid in ethanol. Middle panels contain spectra from a sample formed from a
solution of 1 mmol mercaptohexadecanoic acid in only ethanol. The lower panels
contain spectra from a sample formed in acetic acid / ethanol, but later rinsed in a KOH
solution. Two features at 297 and 300 eV in the KOH rinsed spectra are due to the
potassium L-edge rather than the carbon in the monolayer. All other features are
common to al the spectra. The first two resonances near the ionization potential at
287.65 and 288.10 eV are Rydberg states associated with alkyl (CH;) chaing[4.14]. The
next feature at 288.7eV isatransition into az* state of the carboxyl functionalization of

the SAM. The two broad features above the edge are primarily C-C ¢* transitions.
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Fig. 4.1. Carbon K-edge total-electron and Auger-electron yield spectra and difference spectra.
Top panes. average of 0.001, 0.01, 0.1 and 1mmol samplesformed and rinsed in acetic acid /
ethanol. Middle panes: Immol sample formed in ethanol only. Lower panes. Sampleformed in
acetic/ethanal, but then subsequently rinsed in KOH; peaks due to K 2p photoelectrons are visible
in TEY spectra, and AEY measurements have a higher S/N due to shorter acquisition time.

Carbon polarization dependencies can be computed using these five resonances
that have large intensity changes: the Rydberg like states, which have transition dipole
moments along the C-H bonds, the carboxyl z* feature that has a transition dipole
moment perpendicular to the O-C=0 plane, and the C-C and C-C' ¢* which have a

transition dipole moment along the alkyl chain molecular axig4.14, 15]. The CH;
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Rydberg and carboxyl z* resonances overlap and, in many cases have opposite
polarization dependencies. This excludes directly using the commonly used difference
method to analyze these resonances as the magnitude of the overlapping peaks in
difference spectra partially cancel each other. However, deconvolution of these
resonances via simultaneous raw and difference spectra peak fitting allows accurate
determination of the orientation of the molecule as described in Chapter 2.

Table 4.1 lists angles found through analysis of the polarization dependencies.
Alkyl R*, o*, and carboxyl =* were found using the slopes and offsets of regressions
from Equations (2.22) and (2.23), while angles found through Equations (2.24) and
(2.25) are listed diff. R*, diff o*, and diff. z*. Few differences occur between the SAMs
formed in acetic acid solutions, with a possible slight decrease in polar angle of the
alkyl chains with increasing concentration. The carboxyl group is tilted over such that
the polar angle of the vector perpendicular to the O-C=0 plane is roughly 45° from the

surface normal.

Table 4.1: Carbon tilt angles between alkyl chain (or O-C=0 plane normal) and sample
normal for all samples.

0.001 0.01 0.1 1

mmol mmol mmol mmol EtOH KOH"
alkyl R* 39.9 39.7 40.0 38.4 48.4 39.1
diff. R* 39.9% 40.2 41.2 39.8 46.8
alkyl o* 41.6 411 39.1 38.0 46.9
diff. o* 41.6% 41.8 38.2 34.7° 36.0¢
carboxyl z*  44.6 455 442 445 52.1 71.6
diff. z* 44.6% 45.0 43.8 449 48.6

& Used as areference for difference spectra.
® High uncertainty or unavailable due to potassium features in the C K-edge spectra.
¢ Diff. o* underestimatestilt due to thicker layersin 1 mmol and EtOH samples.
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In the case without acetic acid, the angle derived for the O-C=0O plane (52°) is
approaching the magic angle, indicating randomly oriented carboxyl groups. In this
case, the alkyl-chain is also significantly less ordered with atilt angle of on average 47-
8°. In additional samples prepared without acetic acid, alkyl-chain results were
irreproducible but generally less ordered than samples prepared with acetic acid. In the
KOH-rinsed sample, the potassium L3 edge appears above the carbon edge and make
normalization of the spectra difficult. However, these spectra in Fig. 4.1 indicate a
polarization dependence for the carboxyl group that is opposite that of the acetic acid
rinsed SAMs, with roughly 70° between the carboxyl plane normal and sample normal.
This indicates a reorientation of the end group. Analysis of oxygen K-edge absorption
spectra determine this angle as well as confirm tilt angles found with carbon spectra.
Oxygen K-edge AEY absorption spectra are displayed in Fig. 4.2, and calculated
orientational angles presented in Table 4.2. For these samples, Auger yield was
advantageous and chosen over TEY because of the much better signal to background
ratio and enhanced surface sensitivity. However, Auger-yield also has disadvantages in
a lower signal to noise ratio, and the possibility that low binding-energy photoelectrons
could sweep through the kinetic energy window of the analyzer and hence, exist in the
spectra. The analyzer was set on the oxygen Auger peak and such that Au 4f
photoelectron peaks appear well above the absorption edge, while Au valence
photoelectron peaks are well below the absorption onset. Unfortunately and
unavoidably, the much weaker Au 5p electrons contribute slightly to the intensity of the
O K-edge absorption spectra a about 566eV. Also, K photoelectrons appear in the

spectrarinsed in KOH.
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Fig. 4.2. Oxygen K -edge Auger-electr on yield spectra and difference spectra. Thetop paneis

aver age obtained from the acetic/EtOH prepared samples, the middle pane spectraarefrom a
Immol sample prepared and rinsed in EtOH only, and the bottom panel spectra are from the KOH
rinsed sample.

All Oxygen spectra have 1 or 2 pre-edge features at 535eV - 537eV. Thefirst is
assigned to transitions from the Ols into z* orbitals of the carboxyl group. The second
feature at 537eV is attributed to a small amount of extra acetic acid left on the surface
as it appears only in samples that have been exposed to acetic acid. The broad feature

just above the edge from 540-553eV is assigned to a¢* resonance between the C and O

atoms. The third feature centered about 566eV from 561eV - 574eV has intensity
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contributed from both another o* feature and the Au 5p photoelectrons that have entered
the kinetic energy window of the analyzer.

The top pane of Fig. 4.2 depicts O K-edge polarization dependencies of samples
prepared with 1 mmol to 1 xmol of mercaptohexadecanoic acid in 5%acetic acid /
ethanol. All have polarization dependence with the z* feature largest at grazing
incidence and the ¢* feature largest at normal incidence, indicating the normal to the
carboxy! group istilted about 45° from the substrate normal.

The middle pane of Fig. 4.2 shows the polarization dependence of a sample that
did not have acetic acid present during the formation or rinsing of the SAM; it lacks the

polarization dependence of the previous samples. The angles calculated and listed in

Table 4.2 (50.8° - 51.9°) approach the magic angle of arcsin(‘/%) , indicating alarge

distribution of orientations for the carboxyl groups and a lack of ordering. In samples
prepared in this manner, Ca and Na and other ions were observed in the samples in
absorption and photoemission spectra indicating carboxylate-terminated molecules exist
on the surface.

The bottom pane of Fig. 4.2 shows the polarization dependence of a sample that
was prepared in acetic acid, but then was rinsed in a KOH solution. Spurious features
appear that are not due to the carboxyl oxygen atoms at 526 and 544 €V. These features
are presumably from the K 3p (17eV) and K 3s (33 eV) photoelectrons as well as a
small amount of water that now is on the surface seen in subsequent FTIR spectra. The
polarization dependence, with z* feature most intense at normal incidence, is opposite
that of the samples formed with acetic in solution. This z* feature indicates the normal

to the O=C-O plane is on average 64° from normal meaning the carboxyl groups are
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"upright." K photoelectrons hinder determining an angle using the ¢* resonance of the
C-O bonds. This effect is reversible as subsequent protonation returns the endgroup to
its previous tilted over state and deprotonation to its upright state, however, data may

indicate gradual degradation of the film through multiple rinsings.

Table 4.2: Oxygen tilt angles (between the O-C=0 plane normal and sample normal) for

all samples.

0.001  0.01 0.1 1

mmol mmol mmol mmol EtOH KOH
T* 45.2 44.6 445 46.7 51.9 63.6
diff. 7* 45.2° 44.8 45.4 44.7 51.0 65.5
o* 41.6 43.3 40.0 41.6 50.8 2
diff. o* 41.6° 435 39.3 45.6 51.4 a

%o * not available on KOH rinsed sample due to K photoelectron peaks.
P Used as difference spectra reference sample.

The possibility that this effect could be due to odd-even effects was also
investigated by comparing the mercaptohexadecanoic acid based SAMs with those
formed from mercaptoundecanoic acid.[4.7] For the mercaptoundecanoic acid based
SAM, the tilt of the alkyl chain (42.0°) and carboxyl angle (45.5°) are similar to the
angles of the mercaptohexadecanoic acid. This indicates that the orientation of the
carboxy! group is not due to odd-even effects and that dimerization of the endgroups is
the primary reason for the orientation of the carboxy! group.

In order to further investigate these films and confirm their composition, C 1s

photoelectron spectroscopy was used. Carbon photoelectron spectra appear in Fig. 4.3.
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The most intense feature in all spectra is due to the alkyl-chain of the molecules. The
feature completely resolved from this peak at higher energy is due to the endmost
carbon atom of the carboxyl group, and this feature is shifted to higher energy due to
the electron-withdrawing effect of its binding to two oxygen atoms. The asymmetry of
the alkyl peak with intensity to higher binding energy may be due to the carbon atoms
near the carboxyl group and/or attributed to recently observed differences in alkyl-chain

orbital overlap.[4.16]

rhv= 4(;OeV, C ‘13 | | | | | 4
:01 mmol, 5% AA /\JL
1 mmol, 5% AA b
M

5% AA, KOH rinsed

counts (arbitrary units)

| | 1 | | 1 1
296 294 292 290 288 286 284 282 280
binding energy (eV)

Fig. 4.3. Carbon 1s photoelectron spectra of the series of samples prepared in 5% acetic acid in
EtOH, the sample prepared in only EtOH, and the samplerinsed in KOH.

The peak associated with the carbon within the carboxyl group indicates the
chemical state of this functionalized surface. This peak is similar for concentrations
between 0.001 mmol and 1 mmol formed and rinsed in 5% acetic acid in ethanol, with a
peak at 289.09-289.15 eV, full width at half-maximum (fwhm) 1.17-1.25 eV. For the 1

mmol sample, the peak is broadened (fwhm 1.60 €V) and shifted to lower binding
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energy at 288.66 €V. The ethanol-only sample peak is broadened and shifted even more,
with fwhm 1.65eV at 288.48eV, while the KOH rinsed sample exhibits a sharp peak
with fwhm 1.12eV at 288.56eV. This shift to lower binding energy is due to
deprotonation of the carboxyl group to carboxylate with the accompanying charge
transfer from the cation and screening of the endgroup. The alkyl peak is asymmetric in
the acetic acid/ethanol samples with sharper onset at lower binding energy. In the
ethanol only sample, the alkyl peak is broadened, likely due to the non-uniform
environments the alkyl-units experience in this disordered film. In the sample rinsed in
KOH, the alkyl peak is shifted to a higher binding energy relative to the gold substrate,
presumably due to the substrate and alkyl-chain screening the K cations at the surface.
Thisresult is also shown in FTIR spectra as seen in Fig.4.4.4. The SAM formed
with acetic acid shows clear carbonyl stretches from 1740-1700 cmi™. These have been
previously shown to be from single, non-hydrogen bound carboxyl groups at ~1740
cm™, carboxyl groups hydrogen bound with one hydrogen bond or hydrogen bonds to
two different neighboring molecules at ~1720 cm*, and completely dimerized carboxyl
groups with two hydrogen bonds to one neighboring molecule at ~1700 cm™.[4.7, 10,
17, 18] The acetic-formed SAMs show a mixture of dimerizations. For the case where
the SAM is formed with only ethanol as the solvent, these peaks are reduced, especially
those associated with single non-hydrogen bound groups or those with one hydrogen
bond. The carboxylate band (1450 cm™) is much larger, while one associated with water
(1600 cm™) also appears. This indicates that the ethanol-only sample carboxyl groups

exist as highly dimerized pairs and carboxylates.
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RA-FTIR of mercaptohexadecanoic acid
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Fig.4.4. Reflection-absor ption Fourier-transform infrared (FTIR) spectra of mer captohexadecanoic
acid films on Au(111) formed with 5% acetic acid in ethanaol (solid line) and layers formed with
only ethanal.

Sulfur photoelectron spectra were used to determine attachment of the molecules
to the substrate. Monolayers formed with carboxyl-terminated alkanethiols were never
completely free of unbound thiol. There is a dependence of the relative intensities vs.
concentration as shown in Fig. 4.5. The percentage of unbound thiol is estimated using
a mean free path of electrons of 5.5A for this kinetic energy range and material[4.19-
22]. There is a slight decrease in unbound sulfur with decreasing concentration. This
occurs for two reasons. There is a higher relative concentration of acetic acid to
mercaptohexadecanoic acid in the solution, and there is hydrogen bonding in the
molecules, and a molecule hydrogen bound to acetic acid rather than another long alkyl-
chain molecule will be more accessible to the surface, especially at lower concentration
(kinetic effects). The improved film at lower concentration also indicates that this film
is most likely closest to a true monolayer of molecules. In the ethanol only sample, a

large unbound intensity concentration indicates that there are many unbound molecules
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in this sample and that using only ethanol for the formation and rinsing of the SAM is

not sufficient to form a true monolayer.

mercaptohexadecanoic monolayers

6 T T T T
o3
2 .
5 5[ R N
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o 4 -
[9']
w [ ]
3 | | | I_ ~
10 1 0.1 001 110° 110°

concentration (mM)

Fig. 4.5. The percentage of unbound thiol intensity in the S 2p spectra measur ed with photon
energy of 280 eV. Unbound thiol increaseswith increasing molecule concentr ation.

Conclusions

The various conformations of carboxyl-terminated alkylthiols are summarized in
Fig. 4.6. Well-ordered, carboxyl terminated self-assembled monolayers of
mercaptohexadecanoic acid on Au(111) can be formed by adding acetic acid to the
ethanol solution. This paper conclusively shows well ordered films measured using
NEXAFS, complementing recent FTIR resultg4.10]. Carbon K-edge absorption
features reveal an alkyl chain ordered upright to the surface and tilted about 39° from
normal. In addition, the carboxyl group normal is tilted about 45° from the surface
normal, and this is confirmed with analysis of the Oxygen K-edge z* and o* features.
Molecules not bound to the surface (3-5%) exist in the layers, and are not expected to
significantly effect NEXAFS results. This ratio of unbound sulfur to bound sulfur

decreases with decreasing concentration. The decrease is due to the higher relative



concentration of acetic acid to the molecules in solution ensuring protonated carboxyl
endgroups, and due to higher accessibility of the single molecules to the surface

compared to large long-chain molecules dimerized to each other.
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Fig. 4.6. Schematic representation of orientation of terminating endgroup of mer captohexadecanoic
acid on gold. a) Formed with acetic acid. b) Formed in ethanal only. ¢) Monolayer formed with
acetic acid, but then rinsed in KOH solution.



When carboxyl-terminated alkyl-thiols are adsorbed on gold from the commonly
used method of dissolving the molecules in ethanol, Carbon K-edge absorption spectra
reveal a monolayer that shows less order within the alkyl chains. C K-edge NEXAFS
also has little polarization dependence in the carboxyl ¢* peak, which indicates nearly
randomly oriented carboxyl groups. FTIR spectraand C1s photoemission indicate that
much of the endgroups are actually carboxylate, while S 2p photoemission spectra show
a large fraction of unbound molecules on the surface. Electrogtatically charged
endgroups and dimerized pairs of molecules hinder SAM formation in this case.

A stark conformational change occurs in the carboxyl group of well-formed
monolayers upon exposure to nonvolatile basic solutions. Here, exposure to KOH
causes the carboxyl group to be oriented much more upright, indicating carboxyl group
orientation chemical switchability within these films. Carbon and Oxygen K-edge
spectra indicate the normal to the carboxyl group plane changes from an average of 45

degrees to about 64-72°[4.23].
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Chapter 5
Surface Structure and Chemical Switching of Thioctic Acid

Adsorbed on Au(111) as Observed Using NEXAFS

Abstract

Thioctic acid (alpha-lipoic acid) is a molecule with a large disulfide-containing
base, a short alkyl-chain with four CH, units, and a carboxyl termination. Self-
assembled monolayer (SAM) films of thioctic acid adsorbed on Au(111) have been
investigated with near-edge x-ray absorption fine structure (NEXAFS) spectroscopy
and x-ray photoelectron spectroscopy (XPS) to determine film quality, bonding and
morphology. Using standard preparation protocols for SAMSs, that is, dissolving
thioctic acid in ethanol and exposing gold to the solution, results in poor films. These
films are highly disordered, contain a mixture of carboxyl and carboxylate terminations,
have more than monolayer coverage, and exhibit unbound disulfide. Conversely,
forming films by dissolving 1 mmol thioctic acid into 5% acetic acid in ethanol (as
previously reported with carboxyl-terminated alkyl-thiols) forms ordered monolayers

with small amounts of unbound sulfur. NEXAFS indicatestilted over endgroups with

*Reproduced in part, with permission, from reference [5.1]: Langmuir, in press as of
April, 2004. Copyright 2004, American Chemical Society.



the carboxyl group normal on average 38° from the surface normal. Slight dichroismin
other features indicates alkyl chains statistically more upright than prosrate on the
surface. Reflection-absorption Fourier transform infrared (RA-FTIR) spectra indicate
hydrogen bonding between neighboring molecules. In such well-formed monolayers, a
stark reorientation occurs upon deprotonation of the endgroup by rinsing in a KOH
solution. The carboxylate plane normal is now about 66° from sample normal, a much
more upright orientation. Dataindicate this reorientation may also cause a more upright

orientation to the alkyl portion of the molecules.

85



Introduction

Surface modification by using o-functionalized self-assembled monolayers
(SAMs) on gold or other noble metals is the simplest way to create flat, chemically or
biologically functionalized surfaces. Although alkyl-thiols are often used for carboxyl-
terminated SAMs, thioctic acid has distinct advantages for surface modification. The
disulfide-containing base gives added stability, and yields two gold-sulfur bonds per
molecule in surface-attached species.

Potential uses for thioctic acid monolayers include bio- and immuno-
sensorg[5.2-6], components in molecular electronic applicationg5.7], and molecular
anchors for surface-attachment of catenanes and rotaxanes[5.8-10]. Our group is
currently pursuing thioctic acid for superior gold surface attachment for functionalized
and molecular electronic interlocking moleculeg[5.11, 12]. A thorough understanding
of the binding and orientation is necessary for further use of thioctic acid to ensure
claims that conformational and chemical changes lead to observed phenomena in
molecular electronic and interlocking molecule applicationg5.13]. Although previous
studies have characterized thioctic acid layers electrochemically for layer stability and
an indication of packing[5.14-18], to our knowledge, no direct morphological
characterizations of this molecule exist to date.

The surface structure of thioctic acid is intriguing compared to thiol based, long
alkyl-chain carboxyl-terminated SAMs. For example, SAM ordering, substrate binding
and surface attachment has been extensively studied for mercaptohexadecanoic

acid[5.19-22]. This molecule has 15 CH, units encouraging order through
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intermolecular interactions, a small-footprint thiol for attachment, and a carboxyl
termination. Conversely, thioctic acid (Fig. 5.1) has a very short alkyl-chain with weak
van der Waals interactions between neighboring molecules. The disulfide base has a
larger footprint than a thiol, which intuitively should further hinder self-assembly.
These differences in thioctic acid allow a more focused study on the carboxyl endgroup

and the role it plays in organic monolayer film structure.

OH

S-S

Fig. 5.1. Thioctic acid, the adsorbed molecule studied in this chapter.

In this chapter, we quantitatively investigate substrate binding, monolayer
formation, and chemical switching of film morphology for thioctic acid on Au(111)
using NEXAFS and XPS for the first time. Thiswork explores films derived from three
preparation conditions. The first consists of dissolving 1mmol thioctic acid in ethanol
only, exposing gold to this solution, and then rinsing with ethanol only, which is found
to result in disordered films of more than one monolayer in thickness. The second
method, using 1 mmol thioctic acid dissolved in 5% acetic acid in ethanol for both SAM
formation and rinsing is analogous to a successful method for producing reproducibly
well-ordered monolayers of carboxyl-terminated alkyl-thiolg5.20]. Using this method

yields thioctic acid monolayers with tilted-over, hydrogen-bound endgroups and alkyl
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chains statistically more upright than prostrate on the surface. In the third case, where
well-prepared thioctic acid molayers via the second method are exposed to KOH for
deprotonation, the carboxylate endgroups exhibit a strong reorientation to an upright
position, similar to changes observed in alkyl-thiolg5.19]. The more thorough
understanding of the switchable morphology and substrate binding thus provided will

aid the emerging applications requiring surfaces modified with thioctic acid.

Experimental Details
Reagents and Materials

Reagents were purchased from commercial sources and used as received.
Thioctic acid (98%) was purchased from Aldrich. Ethanol (200 proof, USP) was
purchased from Aaper. Acetic acid (HPLC grade, 99.7%) was purchased from VWR.
Au(111) substrates were formed by evaporating 5 nm Ti and then 100nm Au on Si(100)
under high vacuum. All gold substrates were hydrogen-flame annealed immediately

before use[5.23].

Sample Preparation

Thioctic acid solutions were prepared similarly to previously reported carboxyl-
terminated alkyl-thiol§[5.20] by dissolving thioctic acid into into either pure ethanol or
5% (by volume) acetic acid in ethanol at concentrations of approximately 1 mmol.
Gold substrates were placed in these solutions for 24-36 hours. Under these conditions,

disulfide-containing thioctic acid molecules adsorb to the gold surface through gold-
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sulfur bonds as in thiol containing molecules [5.24]. Each sample was then removed,

rinsed with its corresponding pure solvent — pure ethanol or 5% acetic acid in ethanol.

Instrumentation

X-ray absorption spectroscopy (XAS) measurements were acquired at VUV BL
8.2 of The Stanford Synchrotron Radiation Laboratory (SSRL,SPEAR 11) with
conditions described in Chapter 2. Spectra were recorded simultaneously using both
total electron yield (TEY) and auger electron yield (AEY). The degree of linear
polarization was measured with highly-oriented pyrolytic graphite (HOPG) in
conjunction with these measurementsto be about 88% in the plane of the storage ring.

X-ray photoelectron spectra were obtained at SSRL using a PHI 15-255G
Cylindrical Mirror Analyzer (CMA) and associated PHI electronics. The pass energy
was set to 25 eV for XPS spectra, while for Auger electron yield absorption, the pass
energy was set to 200 eV. XPS measurements have an overall estimated resolution of
about 0.5 eV. S 2p spectrawere obtained at a photon energy of 280 €V or 400 eV; Cls
spectra were obtained at a photon energy of 400 eV. Au 4f spectra of the substrates
were taken immediately after each sulfur and carbon spectrum to calibrate the binding
energy scales. The Au 4f;, photoelectron at 84.01 +/- 0.05 eV was used to convert the
kinetic energy scales to binding energy scales. FTIR spectra were obtained using

methods described in Chapter 2.
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Results and Discussion

Carbon NEXAFS can be used to derive both the chemical nature and orbital
orientation within the thioctic acid films. The spectra from our study are shown in Fig.
5.2, Fig. 5.3, and Fig. 5.4 for thioctic acid deposited from solution on Au(111) using the
three methods described above, respectively. The spectra in upper panes are all
normalized to the absorption step edge with the pre-edge set to 0 and the absorption step
height set to 1 at about 320eV. Spectra were acquired at various angles from normal
incidence (90°) to grazing at 20°. The lower panes consist of the difference between
each spectra and the scan acquired at 20° degrees to emphasize polarization dependent
peaks. Visible spectral features include a shoulder at 287.8eV from resonances into (C-
H o* - like) R* resonances from alkyl portions of the molecule[5.25]. The pronounced,
sharp feature at 288.7eV is from C 1s transitions into the z* orbital of the carboxyl
group. Above the edge, two broad resonances appear at around 293.5eV and 298.5eV
primarily due to C-C ¢* resonances. The variation in intensity of these features
determines order and orientation on the surface.

Thioctic acid layers prepared using only ethanol (Fig. 5.2) show very little
polarization dependence. This is interpreted as a film with a high degree of disorder.

The nature of this film is further investigated with other techniques.
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Fig. 5.2. Carbon NEXAFS of thioctic acid on Au prepared with EtOH only
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Fig. 5.4. Thioctic acid on Au, subsequent rinsingin KOH.

Conversely, and surprisingly, the film prepared with acetic acid (Fig. 5.3) have a
7* feature with a strong polarization dependence. Using the intensities of this
resonance at each angle through Equations (2.22) and (2.23) the carboxyl plane normal
is about 38° from the surface normal. Polarization dependence in o* features above the
absorption edge yield 53.5°, a degree less than the magic angle. The R* features,
considering high convolution with the carboxyl z* feature, return 51.5°. Although
indicative of a disordered film, both resonances show an upright tendency of the alkyl
portion of the molecules.

As noted previously, films prepared in acetic acid were also later rinsed in a
KOH solution in order to deprotonate the carboxyl groups. NEXAFS spectra of such

SAMs (Fig. 5.4) reveal additional features that are not due to carbon. The first, at 291
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eV, is presumably due to contaminant Na in our KOH solution. This K-edge, which
arises from synchrotron light of higher order, is strong in samples rinsed in NaOH, and
is absent in Auger-yield spectrathat are more sensitive to only the carbon in the sample.
(See supplemental information, [5.1]) Features at 297eV and 300eV are due to the
potassium L-edge from the counterions that now decorate the surface. Endgroup
NEXAFS features have opposite polarization dependence compared to protonated
carboxyl groups, indicating a strong orientational change. With consideration of
difficulties in normalization due to Na and K features in the spectra obscuring the step
edge normalization, the carboxyl plane normal on average is roughly estimated to be
about 66° from the surface normal. Along with the change in endgroup orientation,
which is confirmed with oxygen NEXAFS, ¢* features due to alkyl-units return angles
about 5° less than in the acetic rinsed case, while little change occurs in the highly
convoluted R* features. All derived angles from C K-edge NEXAFS are summarized
inTable5.1.

Oxygen K-edge spectra (Fig. 5.5) were acquired using AEY for better signal to
background and enhanced surface sensitivity. However, Auger-yield has disadvantages
in a lower signal to noise ratio, and the possibility that low binding-energy
photoelectrons could sweep through the kinetic energy window of the analyzer and
hence, exist in the spectra.  All spectra show pre-edge features due to excitations from

the Oxygen 1sinto the carboxyl z*, and broad ¢* features due to C-O bonds.
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Table 5.1: Thioctic acid angles derived from C K-edge NEXAFS spectra

Sample carboxyl m * R* (C-H ¢*) C-Co*
acetic acid / ethanol prep.

slopes 37.9+/-0.8 51.2+/-0.1 53.5+/-0.1
offsets 38.2+/-0.8 51.8 +/-2.9 53.6 +/-1.6
KOH rinsed

slopes (a) 66.0 +/- 0.3 51.1+/-0.1 485 +/- 0.3
offsets (a) 65.4 +/-1.1 51.7 +/- 0.9 48.7 +/- 0.8

() K photoelectron peaks may introduce systematic errors
Errors presented in this table are standard deviations from results obtained using slopes
and offsets from equations (2.22) and (2.23) at each incidence angle.

The left panes present O K-edge NEXAFS of thioctic acid monolayers prepared
with acetic acid in ethanol. The top spectra are normalized to the foot and step acquired
at 90°, 55°, and 20°. The lower panes contain differences between spectra. Polarization
dependencies, with the z* resonance most intense grazing incidence and O-C ¢* most
intense at normal incidence, confirm carbon results — the carboxyl group plane is tiltled
toward the surface plane.

For the KOH rinsed sample, in the right panes, polarization dependence
indicates that the endgroup is much more upright on the surface. The z* resonance is
now most intense at normal incidence. The O-C ¢* is now somewhat obscured due to

an extra feature not due to endgroup oxygen at about 545 e€V. This feature is likely due
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to K 3s photoelectrons (33 eV) entering the analyzer window, and/or water present on

the surface.

Oxygen K-edge, thioctic acid on Au(111)
acetic / EtOH rinsed in KOH
20° 90°

AEY (step height)

An
S

530 535 540 545 550 555 530 535 540 545 550 555
photon energy (eV) photon energy (eV)

difference

Fig. 5.5. Oxygen K-edge spectra (top) and difference spectra (bottom) for SAM s prepared and
rinsed with 5% acetic acid in EtOH (left) and SAM s prepared and then rinsed in KOH (right).
RA-FTIR spectra (Fig. 5.6) show differences in the endgroup chemical nature.
The layers show clear carbonyl stretches from 1740-1700 cm™. These have been
previously shown to be from single, non-hydrogen bound carboxyl groups at 1740 cm™*,
carboxyl groups hydrogen bound with one hydrogen bond or hydrogen bonds to two
different neighboring molecules a 1720 cm™, and completely dimerized carboxyl
groups with two hydrogen bonds to one neighboring molecule at 1700 cm™[5.20, 22,
26, 27]. The acetic-formed thioctic layers show a mixture of dimerizations. In the case
where the film is formed with only ethanol as the solvent, the peak associated with

single carboxyl groups is greatly reduced, the middle peak is reduced, and intensity at
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1740 for fully dimerized pairs increases. The carboxylate band (1450cm™) is much
larger, while one associated with water (1600cm™) also appears. This indicates that the
ethanol-only sample carboxyl groups exist as highly dimerized pairs and carboxylates.
To further investigate endgroup nature, carbon x-ray photoelectron spectroscopy was

employed.

RA-FTIR of thioctic acid on Au(111)
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Fig. 5.6. FTIR spectra of thioctic acid films produced with and without acetic acid

Carbon 1s spectra (Fig. 5.7) show chemical differences between thioctic acid
layers adsorbed on Au. For those formed with acetic acid, (bottom trace) a sharp
carboxyl feature at 289 eV and a larger feature due to the remaining aliphatic carbon in
the molecule at 284.4eV[5.28]. For adsorbates solution deposited without acetic acid,
the carboxyl/carboxylate peak is broadened (1.4eV compared to 1.15eV) and shifted to
slightly lower binding energy relative to the gold substrate. This indicates that without

acetic acid, some of the end-groups are deprotonated in the final film. The alkyl peak is



also slightly broadened, shifted to higher binding energy, and has a slightly different
shape. Thisis due to different chemical environments of the deprotonated carboxylate
groups. The relative carboxyl to alkyl peak intensity is also weaker in this case, which
could be due to a combination of a short mean-free-path of the photoelectrons and more
than a monolayer on the surface, and a small amount of acetic acid still on the surface in
the acetic acid / ethanol case. This possibility and substrate bonding are resolved with

sulfur photoemission.

EtOH only

counts (arb. units)

EtOH/acetic

| B |

295 290 285 280 275
binding energy(eV)

Fig. 5.7. Carbon 1s photoelectron spectra for thioctic acid layerson Au prepared with and without
acetic acid in solution when layer was formed

Sulfur 2p spectra indicate the degree of bonding to the substrate (Fig. 5.8). The
spectra can be deconvoluted using the S2p doublet with branching ratio about 2:1 and
energy difference about 1.2eV. Two species are predominant on the surface: gold
bound thiolate, with S 2ps, (S 2pi2) a 161.9 eV (163.1 €V) and unbound disulfide,

with S 2ps2 (S 2pu) at 163.3 eV (164.5 eV)[5.29]. Aswith carboxyl terminated SAMSs,
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no sample is completely free from unbound molecules. This is due to prevailing
carboxyl dimers even with acetic acid, and does not eliminate the possibility that some
molecules may be attached to the substrate through the carboxyl end. However,
additional XPS spectra indicate unbound sulfur atoms are not near the gold interface
with samples prepared in this manner. (See supplemental information, [5.1].) In any
case, with the ultra-high surface sensitivity of photoelectron spectroscopy with electron
kinetic energies just over 100eV, the top spectrum shows the majority of the molecules

using acetic acid in solution are bound to the substrate through gold-thiolate bonds.

Thioctic acid S2p

[5% acetic / EtOH

components “nwund

280eV, EtOH only

counts (arbitrary units)

N
(0]
(=]
(0]
<

400eV, EtOH only

components thiolate

172 170 168 166 164 162 160 158
binding energy (eV)

Fig. 5.8. Sulfur 2p photoemission of the thioctic acid films formed with and without acetic acid in
solution.

For the ethanol only case, a very large disulfide component exists. To estimate

the position within the layer of this extra disulfide, spectra at photon energies of 280 eV
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and 400 eV were acquired. Based on differences in mean-free paths of S 2p
photoelectrons from two photon energies and the exponential decrease of photoelectron
intensity with overlayer thickness5.30-33], we estimate the unbound disulfide is on
average 9 +/- 4 Angstroms above the Au-S interface. This indicates carboxyl group
dimerization, in some instances with one molecule anchored to the surface, and a
second molecule attached through carboxyl groups with disulfide near the layer-vacuum
interface. Additional results show that this monolayer is 3-5 Angstroms thicker than the
sample prepared with acetic acid. (See supplemental information, [5.1].)

Combining NEXAFS, XPS and FTIR results, a model of thioctic acid under
three different preparation conditions is roughly depicted in Fig. 5.9. Using only
ethanol to prepare and rinse films leads to disordered, more than monolayer films as
seen in Fig. 5.9 @). Unbound disulfide exists about 9 A above the gold-sulfur interface,
and the endgroups are a mixture of highly dimerized carboxyl groups and carboxylate.
Preparing and rinsing thioctic acid SAMs using 5% acetic in ethanol gives well
(although not compelety) bound monolayers with a high degree of interaction and
hydrogen bonding between carboxyl groups as depicted in Fig. 5.9 b). NEXAFS results
indicate carboxyl group planes are statistically 38° from the surface plane. Similar
tilting in the endgroups of SAMs have been seen in other types of polar molecules, due
to the energy minimization of the electric dipoles[5.34]. Although this effect may
contribute to the tilting of the headgroups, especially in partially dimerized films, we
believe the primary cause to be hydrogen bonding between endgroups as seen in FTIR

gpectra.  The remainder of the molecular film has a slight upright tendency with
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polarization dependence in o* and R* features yielding angles from 51.5°-53.5°, a few
degrees less than the magic angle. This underestimates the upright nature of these films
considering the variation in orientation of aliphatic carbon at the ring-like base of the
molecules driving derived angles toward the magic angle. Rinsing these well-formed
monolayers in KOH for deprotonation causes a reorientation of the endgroups to a
much more upright orientation as seen in Fig. 5.9 ¢). The carboxylate plane normal is
now 66° from the surface normal. Angles derived from the highly convoluted R*
features do not change significantly. However, alkyl portions of these films may also
have a more upright nature as o* features indicate a 5° degree change in the average

orientation of the alkyl units.
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a) EtOH only

b) EtOH +
5% acetic acid

c) KOH rinsed

Fig. 5.9. Three dimensional rough model of thioctic acid on Au(11l). a) prepared with 1mmol
thioctic acid in EtOH and rinsed in EtOH. b) prepared with Immoal thioctic acid in 5% acetic acid
in EtOH, rinsed in 5% acetic acid in EtOH. c¢) sample prepared asin b, but then rinsed in KOH

solution



Conclusions

The extent of substrate binding, endgroup chemical nature, and orientational
structure of thioctic acid films adsorbed on gold were investigated with NEXAFS, XPS
and RA-FTIR. Depending upon the solvent and rinsing step, various configurations
exist.

Using ethanol only, thioctic acid forms a completely disordered, more-than-
monolayer film of molecules. Many of the endgroups are deprotonated to carboxylate.

Using 5% acetic acid in ethanol for the formation solution, thioctic acid
surprisingly forms ordered films. Carboxyl-carboxyl interaction plays heavily on film
structure as carboxyl group planes are tilted towards the surface as the NEXAFS angle
between the group normal and surface normal is 38°. The bases of the molecules are
also statistically more upright than prostrate with atilt angle a few degrees less than the
magic angle.

Upon deprotonation to carboxylate by rinsing in KOH, the carboxylate groups
change orientation indicating a chemically driven conformational switching. They are
upright with respect to the surface, with carboxylate plane normal 66° form the surface
normal. This may also induce alkyl chains to exhibit a more upright orientation, with
the tilt angle decreasing by 5° in C-C o* NEXAFS features.

These results allow for better understanding of self-assembly process in
carboxyl terminated films. In this case, when alkyl-chain interactions are minimized,
carboxyl group interactions tend to form tilted-over dimers. To date, the best films are

formed using a process similar to that used in carboxyl terminated alkyl-thiols by
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adding acetic acid to ethanol solutions to form and rinse films. In addition, this
guantitative characterization of thioctic acid monolayers adsorbed on Au builds a
foundation for the use of these films in biological and chemical sensor applications and

for surface-attached macromoleculeg[5.35].
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Chapter 6
XAS and XPS Characterization of Monolayers Derived from a

Dithiol and Sructurally Related Disulfide-containing Polyamides:

Abstract

X-ray absorption spectroscopy and x-ray photoemission spectroscopy have been
used to examine sulfur-gold bond formation in monolayers derived from a dithiol
monomer and related disulfide-containing polyamides. These compounds were
designed to allow the molecules to adsorb to gold through two terminal sulfurs, forming
surface-attached loops. Element and site-specific density of unoccupied electronic
states were probed by x-ray absorption spectroscopy at the C, N, and O K-edges.
Photoemission measurements of the C 1s, N 1s, O 1s[6.1] and S 2p core lines were also
used to estimate relative coverage, confirm layer formation, and evaluate chemical
bonding of the monomer and polyamide to the gold-coated substrates. In the case of the
dithiol monomer, the spectroscopic evidence clearly shows that most of the molecules
adsorb through a single thiol end. The disulfide-containing precursors, in contrast to the
monomer, attach to the surface through both sulfurs to form the anticipated surface-

attached loop.

* Reproduced in part, with permission, from reference [6.1]: Langmuir, 2002, 18,
8123-8126. Copyright 2002, American Chemical Society.
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Introduction

With the goal of building a technical foundation for the construction of surface-
attached molecular devices, we are investigating the formation of surface-attached loops
from a variety of dithiol and disulfide precursors. While there is much interest in self-
assembled monolayers (SAMs) formed by the adsorption of thiols or disulfides onto
gold surfaceq[6.2-5], less attention has been focused on systems derived from a, o -
dithiols. In most cases, dithiols have been found to attach to gold through only one
sulfur[6.6-15]. The free thiol of these “standing” dithiol SAMs is then available for
further reactions to form bilayers or to attach additional ions, molecules, or particles to
surfaceq6.16-21].  Other dithiols and disulfides have been designed to attach to gold
through both sulfurs, forming chelating monolayerg6.22-24]. Bis-disulfides derived
from thioctic acid have also been shown to form monolayers in which both disulfide
ends attach to gold, forming especially stable surface-attached specieq6.25, 26]. Since
the sulfur-gold bond is relatively weak (ca. 40 kcal/mol vs. 87 kcal/mol for athiol S-H
bond[6.2], monolayers of the spiroalkanedithiols and the thioctic acid derivatives are
stabilized by the chelate effect of multiple sulfur-gold bonds. When a, o - dithiols or
bis-disulfides are utilized to form monolayers in which both ends are attached to gold,
these could be referred to as surface-attached loops.

Another approach that could generate surface-attached loops is to expose a
disulfide-containing polymer to a gold surface. Cleavage of the disulfide bonds upon
attachment to gold would result in loop formation. Monolayers formed from disulfide-
containing polymers have been reported, although the details of their adsorption on gold

were not the focus of that work[6.27-30]. By utilizing disulfide-containing polymers,
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the polymer is broken down to surface-attached monomeric units. This differs from
other work in which polymers were bound intact to the gold surface via pendant sulfide
or disulfide moietieq 6.31-33].

We are investigating the formation of surface-attached loops from a variety of
dithiol and disulfide precursors. This report concerns the results of our experiments
with two of these compounds, an a, » - dithiol and its related disulfide-containing
polyamides. The compounds were prepared by Andrew Vance (LLNL) from readily
available starting materials to give the dithiol monomer and the disulfide-containing
polyamide (Fig. 6.1). The interfacial condensation of the polyamide during synthesis
yielded a polymer with a wide polydispersity as well as a small, but significant,
percentage of low molecular weight units such as the [2+2] macrocycle. In principle,
any of these compounds could lead to the same surface-attached species in which both
sulfurs attach to gold to form a loop. Alternatively, the monomer could adsorb through

asingle sulfur end (Fig. 6.1).

"monomer”
N N
HS/\/ \/\SH
polyamlde
N
S g \/}

Fig. 6.1. The monomer dithiol molecule, and the disulfide-containing polyamide investigated in this
chapter.

Using synchrotron-based x-ray absorption spectroscopy (XAS) and x-ray

photoemission spectroscopy (XPS), we have probed molecular orientation and the
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nature of the sulfur-gold bonds formed in our monomer and polyamide derived
monolayers.

X-ray absorption probes unfilled states. Features near edges (often referred to as
near-edge x-ray absorption spectroscopy or NEXAFS) reveal chemical information near
the atoms being probed. Cross-sections of transitions from core-levels into such
unfilled states often depend on the polarization of the exciting radiation. Utilizing the
high degree of linear polarization of synchrotron radiation, the order and orientation of
chemical bonds can be determined by rotating the samples with respect to the x-ray
beam. Such polarization dependencies in the carbon K-edge (and nitrogen K-edge) are
used to determine order and orientation in this work.

XPS has been used to determine bonding of the thiols and disulfides to the gold
surface. Core level shiftsin the XPS spectra are indicative of the chemical state of the
emitting atom, and intensities of components of emitted photoelectrons can be used to
quantitatively determine chemical composition. Relative intensities of various
photoelectrons (e.g. N1s) between monolayers formed from the monomer and polymer
precursors can be used to determine the relative coverage of the surface by the adsorbed

Species.

Experimental M ethods
Reagents and Materials.
All reagents were purchased from commercial sources and used as received.

The molecules in Fig. 6.1 were synthesized by Andrew Vance of LLNL as described in
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[6.1]. Au(111l) on mica substrates were purchased from Molecular Imaging and

hydrogen flame annealed immediately prior to use.

Instrumentation

X-ray photoelectron spectra were obtained using a Physical Electronics
Quantum 2000 scanning XPS system located at the Environmental Sciences Laboratory,
Pacific Northwest National Laboratory. X-ray absorption spectra were taken at VUV
BL 8.2 of The Stanford Synchrotron Radiation Laboratory (SSRL) at the Stanford
Linear Accelerator Center as described in Chapter 2. Measurements obtained
throughout data acquisition at the beamline gave 90.1% (+ 0.8) polarization in the plane

of the storage ring.

Results and Discussion

X-ray absorption spectra reveal the local bonding environment around specific
atoms, and hence the chemical state of these atoms. When the sample is rotated in the
x-ray beam, polarization effects are observed as intensity modulations of the peaks in
the spectra. Differences in spectra taken at various angles of incidence allow
determination of average orientation of the molecule6.34-39]. Through the dipole
approximation, the intensity of a resonance is proportional to the square of the scalar
product of the electric field of the x-rays and the direction of the final state orbital when
exciting from s-like core levels. Hence, when the electric field of the radiation is
parallel to the direction of the final state orbital, the resonance into this orbital is strong

and the absorption signal at the resonance is strong. Conversely, when the electric field
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of the radiation is orthogonal to the direction of the final state orbital, the resonance is
greatly attenuated. These linear dichroism effects disappear when the molecules are

oriented totally randomly or when the final state orbitals are oriented with respect to the

surface near arcsin(\/% ) (54.7°), often referred to as the magic angle[6.34]. For this

reason, angles chosen and presented here are 55°, as well as 90° (normal) and 20°
(grazing), which are both 35° from the magic angle.

Fig. 6.2 shows carbon K-edge spectra for the monomer and polyamide
monolayers at various angles of incidence as well as the differences of these spectra.
Features typical to carbon-containing organic molecules are present in all carbon
absorption spectra and are related to the distinct environments of carbon atoms in the
molecule[6.40-42] The peak at 285.1 eV arises from C=C x bonds and is assigned to a
transition from the C 1s level into a 7 * orbital of the central phenyl ring in each
molecule. The next resonance at 288.0 €V arises primarily from the C 1sto «*
transition in carbonyl groups. At this energy, additional 7* states in the phenyl ring
and Rydberg resonances in the alkyl chain carbon atoms near the ends of the molecules
contribute to the intensity[6.41]. Features at 288.8eV in the polyamide as well as
features from 290-300eV that are not present in monomer spectra are due to a small
amount of trifluoroacetic acid still present in the polyamide sample, confirmed by XPS
via a small F1s photoelectron peak which was not present in the monomer. Other
transitions from C 1s into ¢* states make up the broad features from ~290 eV to ~310

ev.
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Fig. 6.2. C K-edge absor ption spectrafor the monomer and polyamide samples on Au/mica
substrates.

Continuing with Fig. 6.2, spectra taken at three angles of incidence are shown: grazing
at 20°, 55°, and normal at 90°. Carbon spectra are normalized to the step edge at ~320
eV. The bottom panes show the differences in spectra by subtracting the spectra taken
at 20° from the spectra taken at 90° and 55°. To determine orientation of these
monolayers, the phenyl ring z* resonance at 285.1 eV isused. Additionally, the C=0
z* and C-C o * resonances prove useful.

In the monomer spectra, the aromatic 7 * feature is slightly more intense at normal
incidence than grazing. The C=0 7z * feature at 288 eV is somewhat more intense at
grazing than normal incidence. C-C o* features are faintly more intense at grazing

incidence. This indicates disordered monolayers which, according to the aromatic and
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C-C o* resonances, have molecules on average tilted dlightly more than 54.7°, from
the surface, or are more “standing up” than “lying down.”

The polyamide spectra, however, have linear dichroism that is larger and
different than that of the monomer. The C 1s (C=C) to z*C=C transition is relatively
much stronger at grazing incidence, where the electric field of the synchrotron radiation
is nearly perpendicular to the surface. At normal incidence, where the electric field of
the radiation is in the plane of the surface, this 7 * resonance is weak. This indicates
that the plane of the phenyl ring is nearly parallel to the surface. The C=O r*
resonance shows a polarization dependence with strongest features at grazing incidence,
and C-C o* features have dlightly more intensity at normal incidence. Nitrogen
NEXAFS (not shown) support the carbon spectrawith a strong pre-edge excitation from
the N1s into the C=O x* at grazing incidence. These polarization dependencies
indicate the polymer molecules on average, lie nearly flat on the surface.

Thus, carbon NEXAFS reveals that the monomer precursor forms a less ordered,
more upright monolayer, where the molecules are tilted on average more than 54.7°
from the surface. Polyamide-derived monolayers, on the other hand, have order with
the molecules oriented nearly parallel to the surface.

High-resolution C 1s, N 1s, O 1s and S 2ps»12 core-level XPS spectra were
obtained for the powders and the monolayers of the monomer and polyamide samples,
with full results presented in reference [6.1]. Shifts indicative of sulfur-gold adsorption
were observed in the S 2ps.1/» spectra (Fig. 6.3) while the carbon, nitrogen and oxygen
spectra showed little chemical variation upon monolayer formation, but showed a

higher coverage for the monomer-based monolayers.
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Fig. 6.3. Deconvolved high-resolution S 2p3/2, 1/2 cor e-level spectra.

Deconvolution of the S 2ps,,1/2 Spectra reveals the spin-orbit pairs for both bound and
unbound sulfurs (Fig. 6.3)[6.9, 43]. In the monomer-derived monolayer, about half
(57.6%) of the sulfurs are bound to gold, while the other half are either unbound (36%)
or present as sulfates (6.4%). In contrast to the monomer, over 90% of the sulfursin the

polyamide-derived monolayer are bound to the gold surface.

Conclusions
X-ray absorption spectroscopy (XAS) and x-ray photoemission spectroscopy
(XPS) have been used to characterize the chemical interaction between gold surfaces

and monolayers derived from either a dithiol monomer or disulfide-containing
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polyamides. These experiments differentiate between surface-attached loops on gold
and simple monolayers in which one sulfur in each molecule binds to the surface (i.e.
non-loops). In the case of the dithiol monomer monolayer, the spectroscopic evidence
clearly shows the molecules adsorb predominantly through only one sulfur. The
disulfide-containing polyamides, in contrast to the monomer, attach to the surface

through both sulfurs to form the anticipated surface-attached loop(Fig. 6.4).

Fig. 6.4. The monomer leadsto films primarily consisting of molecules attached at one end (top)
whilethe polyamide moleculeslead to surface attached loops (bottom).

In the NEXAFS spectra, spectral features vary with the angle of incidence of the
polarized exciting radiation. XAS polarization dependence measurements indicate a
higher degree of ordering in the polyamide-derived monolayer with the phenyl rings
oriented nearly parallel to the gold surface. The monomer-derived monolayer shows

only very sdlight polarization dependence, indicative of more upright, disordered
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aromatic moieties. XPS studies showed the only significant changes in the chemical
structure of the compounds occurred in the sulfurs upon attachment to the gold surface.
The surface coverage of the monolayer formed from the polyamide is less than that of
the dithiol monomer monolayer, as might be expected due to the increased surface area
of the loop versus the standing monomer. That the polyamides preferentially form
loops while the monomer attaches primarily through only one sulfur may be attributed
to the fact that the sulfurs of the disulfide adsorb to the gold simultaneously while the
sulfurs of the monomer are at separate ends of the molecule. At the concentrations used
to form these systems, the monomer is present in large excess over what is required to
form a monolayer. There may simply be too little space for both sulfurs to access the
surface for adsorption. In contrast, as the polyamides, with either the polymers or low
molecular weight macrocycles, approach the gold surface, their adjacent disulfide
sulfurs are positioned to effectively “unzip” the polyamide as it is exposed to the gold,
leaving surface-attached loops. The fact that the monomer had a small percentage of
molecules bound through both sulfurs means it may yet be possible to manipulate
reaction conditions (e.g. concentration) to favor loop formation. We are pursuing further
studies of these and similar compounds and are especially interested in determining the
role of disulfide-containing macrocycles in the formation of surface-attached loops.

The results obtained from the experiments presented here demonstrate the importance
of designing monolayer precursorsthat will bind to surfaces in a predictable manner. In
the case of surface-attached loops, simply preparing compounds with terminal binding
moieties does not guarantee loop formation. Other factors such as anticipated surface

coverage, solution concentration and steric interactions must be taken into account in

118



119

order to produce a desired surface-attached system. We are currently working to design
and characterize monolayers derived from monomers incorporating features that will

significantly enhance loop formation[6.44].
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Chapter 7

Characterization of a Simple Surface-Attached Rotaxane

Introduction

Mechanically interlocking molecules such as rotaxanes are both aesthetically
fascinating and of interest for their potential in molecular-scale deviceg7.1-5]. While
the solution chemistry of both catenanes (interlocking rings) and rotaxanes (rod
threaded through ring) has been explored extensively, the study of the surface chemistry
of these species has been limited to a few exampleg[7.6-14]. In order to build a
technical foundation for the preparation of molecular-scale devices, we are pursuing the
characterization of surface-attached molecules with unique structures and
topologieq 7.15]. Toward that end, synchrotron radiation based X-ray absorption
spectroscopy (XAS) and X-ray photoemission spectroscopy (XPS) were utilized to
quantitatively determine coverages, binding, and orientation of both a rotaxane and its
thiol precursor atached to a gold surface. The thiol stopper, 9-anthrylmethyl(2-
mercaptoethyl)ammonium bromide (1), the pseudorotaxane (a labile rotaxane in which
the ring is not locked into position by a stopper unit) formed by addition of dibenzo-24-
crown-8 (I + DB24C8), and finally, the hexafluorophosphate salt of the disulfide [3]-
rotaxane(l1)[7.16] were used to prepare monolayers on atomically flat gold-coated

* Reproduced in part, with permission, from reference [7.1]: Nano Letters, 2003, 3, 81-
84. Copyright 2003, American Chemical Society.
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substrates as shown in Scheme 1. This set of molecules was chosen because the system
| does not contain any oxygen atoms. We presumed that oxygen specific spectroscopy
would be useful in distinguishing between the surface-bound thiol stopper (I) and the
surface-bound rotaxane (11), with its oxygen-rich crown ether. In fact, element specific
XAS and XPS showed several clear distinctions between the monolayers, allowing us to
identify spectral contributions from the separate components of the surface-attached
rotaxane system. In addition, angle dependent x-ray absorption studies highlighted
differences in the surface orientations of gold-bound | and |1, and XPS was used to

determine the extent of Au-S bond formation.

D O

*NH, Ay *NH,

e e
thiol stopper (1)
Qo SeRa vt

o} NH
S P LD
LD -
pseudorotaxane (I + DB24C8) [ Au | Au |
& A0

[3]rotaxane (I1) @

Scheme 1. Starting materials and anticipated surface-attached molecules. (Figure courtesy A.
Vance)
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Experimental Resultsand Discussion

Before examining the monolayer-covered gold-coated substrates, powder
samples of the thiol stopper (1), DB24C8, and the [3]rotaxane (1) were characterized.
The carbon K-edge XAS spectra show the signature peaks of each molecule (Fig. 7.1).
The spectrum of thiol stopper (I) is dominated by anthracene, with fourteen carbon
atoms comprising the anthracene moiety vs only three carbon atoms in the tether.
Features in this spectrum include multiple z* transitions of the anthracene[7.17] due to
chemically inequivalent carbon sites and multiple unoccupied =z molecular
orbitalg7.18]. These excitations primarily form a doublet with peaks at 284.6 eV and
286.0 eV. Weaker, sharp features near the edge between 287.6 eV and 289.8 eV are
attributed to higher z* states and alkyl carbon Rydberg states while broad features at
about 293.5 and 301 eV are excitations into ¢* resonances. In the spectrum of the
crown ether (DB24C8) powder, a prominent aromatic 7* resonance appears in the
middle of the anthracene doublet at 285.5 eV, and a chemically shifted z* transition due
to the four oxygen-bound, phenyl ring carbon atoms in each crown ether appears at
287.2 V. The feature at 289.4 eV is related to C-O bonds, and the molecule also has
broad ¢* transitions at about 294.2 and 303.5 eV. The pesaks in the spectrum of 1, the
[3]-rotaxane powder, are a linear combination of the spectra of thiol stopper (1) and

DB24C8.
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Fig. 7.1. Carbon K-edge XAS of powder samples. Top: thiol stopper only. Middle: Crown ether
only. Bottom: [3]-rotaxane powder .

Monolayers were prepared by exposing gold-coated substrates (~100 nm Au
evaporated onto atomically flat mica and/or 5 nm Ti/Si(100) substrates, H, flame
annealed prior to use) to a solution of the corresponding molecule. The first monolayer
system derived from the thiol stopper (I) was used to identify spectral characteristics of
this gold-bound anthracene-containing stopper unit. To determine whether a surface-
attached rotaxane could form from a solution containing a pseudorotaxane, thiol stopper
(I was mixed with an excess of DB24C8 prior to exposure of the gold-coated substrate
to the solution. Kolchinski, et al. estimated a solution pseudorotaxane equilibrium
concentration in excess of 90%[7.16]. Finally, the [3]-rotaxane, 1I, was exposed to a
gold surface with the expectation that cleavage of the disulfide upon adsorption to gold

would yield the desired surface-attached rotaxane.
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The carbon K-edge absorption spectra reveal notable differences between the
monolayers (Fig. 7.2). The carbon spectrum of thiol stopper (1) on gold contains the
same features as the molecule prior to atachment. Intensity dependence of z* and ¢*
NEXAFS features upon the incidence angle of the incoming linearly polarized
synchrotron radiation leads to determination of the orientation of the molecule with
respect to the surface. Polarization studies showed significant angle dependence in the
monolayer of | (Fig. 7.3), indicating order and an upright orientation of the anthracene
planes with respect to the surface. In the second monolayer system derived from the
pseudorotaxane solution (I + DB24C8), the spectroscopic evidence shows that only the
surface-attached thiol stopper is formed. The pseudorotaxane monolayer carbon XAS
spectrum of | + DB24C8 duplicates nearly identically the spectrum of thiol stopper (1)
including the polarization dependence. The monolayer derived from the [3]-rotaxane
(I1) gave adistinctly different carbon K-edge absorption spectrum. As in the spectrum
of the [3]-rotaxane powder sample, the anthracene features are clearly visible along
with the peaks associated with the crown ether ring. Not all of the adsorbed species are
surface-attached rotaxanes, but a comparison of the intensities of the anthracene to
crown-ether 7* features shows that more than half of the crown ether rings are retained
upon surface adsorption. Unlike the monolayer derived from thiol stopper I, the
surface-attached rotaxane derived from compound Il did not show a strong angular
dependence, indicating a disordered surface (Fig. 7.4). Given the added bulk of the
crown-ether ring, it is not surprising that the surface-attached rotaxane would not order

aswell asthe relatively unencumbered thiol stopper.
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total electron yield abs. (step height)

thiol stopper (I) on Au

| + DB24C8 on Au

rotaxane (Il) on Au

280

Fig. 7.2. Carbon K-edge XAS of monolayers on gold. Top spectra: anthracene-based stopper
molecules. Middle: layer formed in a pseudor otaxane solution mixtur e of the stopper and an excess
of crown ether. Bottom: layer formed using the [3]-r otaxane.
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Fig. 7.3. Carbon K-edge polarization dependencies for the film of stopper only molecules. Top
pane: Spectra acquired at anglesfrom 90 to 20 degrees. Bottom pane: difference spectra using 20

degrees.
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Fig. 7.4. C K-edge polarization dependence of the layer formed from the [3]-r otaxane.

Digtinctions between the systems derived from the thiol stopper (1),
pseudorotaxane (I + DB24C8), and rotaxane (I1) in the C1s XPS spectrum (Fig. 7.5)
support the conclusions drawn from the carbon K-edge absorption. In both the
monolayers from the thiol stopper (I) and pseudorotaxane (I + DB24C8), the spectra
contain primarily one peak at 284.4 eV (sp*-hybridized carbons) and a much weaker
component at 285.6 eV (C-N bonding). In the monolayer of Il, the surface-attached
rotaxane, an additional feature was observed at 286.2 eV that is indicative of the C-O
bonds of the crown ether. The 1s electrons of the oxygen-bound carbons are shifted to
higher binding energy due to the electron withdrawing effect of the oxygen atoms. This
C-O feature is absent in the pseudorotaxane-derived | + DB24C8 system, indicating an

absence of the ring in this monolayer. An estimate of surface-attached rotaxane
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formation in the monolayer derived from the [3]-rotaxane (1) precursor can be made by
comparing the relative intensities of the C-O and C-C features in the C1s spectra of the
monolayer derived from Il with the number of constituent carbon atoms in a thiol
stopper (1), DB24C8, and the surface-attached rotaxane molecule. In agreement with
the carbon XAS data, at least 45% of the thiol stopper molecules retain their crown

ether rings upon surface adsorption.

hv=400eV

thiol stopper on Au-|

thiol stopper + crown on Au |

counts (arbitrary units)

rotaxane on Au |

1
294 292 290 288 286 284 282 280 278 276 274 272
binding energy(eV)

Fig. 7.5. C1s XPS spectra if monolayerson gold. Top spectra: monolayer formed with anthracene
stopper molecules only. Middle: monolayer formed with the pseudor otaxane mixture. Bottom:
Monolayer formed with the [3] r otaxane solution.

XPS provided valuable information on the extent of Au-S bond formation (Fig.
7.6)(Fig. 7.7) (Fig. 7.8). For each sample, sulfur XPS spectra were carefully referenced
to concurrently acquired Au 4f spectra. Spectra consist primarily of three spin orbit
split S 2p components. Using a splitting between S 2ps» and S 2py, of 1.18 €V and a

branching (intensity) ratio of ~2:1, the S 2ps; (S 2piz) components lie at 163.8 eV
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(165.0 eV), 161.9 eV (163.1 eV) and 160.9 eV (162.1 eV). Features with S 2ps, a
163.8 eV can be assigned to unbound sulfur while those at 161.9 eV can be assigned to
gold-bound thiolate[7.19]. Intensity between 167 and 170 eV points to various oxidized
sulfur species. The feature at 160.9 eV is highly reduced sulfur that we infer to be
elemental sulfur from decomposition products or starting material impurities7.11].
While this feature indicates the monolayers derived from | are not as pure as desired,
the presence of elemental sulfur does not interfere with C 1s XPS or carbon K-edge
XAS measurements. Based on these assignments, the system derived from thiol stopper
(I) (Fig. 7.6) has large unbound sulfur intensity along with the bound thiols. At an
excitation energy of 280 eV, the kinetic energy of the photoelectronsis ~100 €V and at
this energy, the mean free path of electrons in solids is~ 5 A. Thus, the sulfur XPS is
extremely sensitive to the first few atomic layers. While this observation requires
further study, the unbound sulfurs may be due to a number of unbound thiol stopper
molecules attached in an upside-down fashion through m-stacking interactions of the
anthracene units. These anthracene units interestingly retain polarization dependencies
as seen in Fig. 7.3. The surface sensitive C1s intensity of the film derived from only
thiol stopper | is12 +/- 2% stronger than in the system formed from the pseudorotaxane
(I + DB24CB8); this underestimates the relative coverages as the anthracene molecule is
~9 A tall. Studies using amore stable flux of Al K-o. X-rays on similar samples, with a
much larger mean free path of the photoelectrons (~25 A) also support this hypothesis.
(See supporting information, [7.1].) Less unbound sulfur was observed in the case of
the monolayer derived from the pseudorotaxane solution, | + DB24C8 (Fig. 7.7). Itis

probable that unbound thiol stopper molecules are removed from the surface by the
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excess crown ether that was present in the solution. The most intense component in the
monolayer derived from the [3]-rotaxane (I1) (Fig. 7.8) is bound thiolate, confirming
surface attachment of this molecule. For this film, sulfur XPS showed less unbound
sulfur as well as almost no elemental sulfur. The weak signal is due to a much more

diffuse concentration of sulfur on the surface due to the much bulkier molecule it

anchors.

T T T T T T T

counts (arbitrary units)

thiolate

X\

thiol stopper (I) on Au |

Au-bound

T T

S2p hv =280 eV

elemental S
on Au

binding energy (V)

Fig. 7.6. S2p spectra of the anthracene stopper based monolayer.
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Fig. 7.7. S2p spectra of the monolayer formed in the pseudor otaxane solution. Data (dots) fit (line)

and components (at the bottom of the pane) are presented.
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Fig. 7.8. S2p of the monolayer formed in the [3] rotaxane solution. Data, fits, and components are
presented.
Conclusions

By utilizing both XAS and XPS concurrently for the first time to characterize
surface-attached interlocking molecules, we have presented clear evidence for the
formation of a surface-attached rotaxane from a disulfide-containing [3]-rotaxane.
These techniques provide both qualitative data for the identification of separate
components of surface-bound interlocking molecules, as well as quantitative
information that can be used to determine the extent of retention of the mechanically
anchored unit (crown ether ring) upon surface adsorption of the rotaxane. Our
experiments showed that the form of the monolayer precursor (rotaxane vs.
pseudorotaxane) dictated the outcome of surface adsorption. In this system, the [3]-
rotaxane, with its crown ether rings locked in place prior to surface attachment, is
required to form a surface-attached rotaxane. In the case of the mixture of thiol stopper
with dibenzo-24-crown-8, while the pseudorotaxane dominates the solution equilibrium,

these experiments show that for this thiol stopper + ring combination, sufficient

134



unthreaded thiol is present to favor exclusively adsorption of the thiol over the rotaxane.
The role of the thiol/pseudorotaxane equilibrium is an area of interest, and future
experiments will be pursued to examine whether modified reaction conditions (e.g.
temperature) or pseudorotaxanes derived from threads with different alkyl chain lengths
would yield surface-attached rotaxanes. Work is ongoing in our laboratory to study

these and other surface-attached interlocking moleculeg7.20].
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Chapter 8

A Functionalized, Surface-Attached Rotaxane

Introduction

The previous chapter showed methods for and provided evidence of a simple
surface-attached rotaxane[8.1]. However, there is no chemically active site on this
molecule. In this chapter, methods for chemically functionalizing this rotaxane in order
to ultimately provide for conformational switching behavior are explored, and
preliminary results are presented.

Previous chapters have presented ways in which chemical functionalities within
molecules strongly affect structure, such as the dimerization in carboxyl groups, or the
7 -stacking in anthracene stopper molecules in the previous chapter. Going further, we
now ask whether such simple interactions, as e.g. dimerization of carboxyl groups on
neighboring molecule crown-ether rings could cause conformational changes within
surface-attached rotaxanes. However, the synthesis of this particular type of rotaxane in
the required amounts and purity has been difficult. Therefore, a similar option for
rotaxane synthesis and switching is explored in this chapter.

In particular, the crown ether was synthesized [8.2] with an aldehyde attached to

one of its aromatic groups (Fig. 8.1).
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Fig. 8.1. The aldehyde functionalized crown ether within the suface-attached r otaxane investigated
in thischapter.

The exposed carbonyl group (position €) will react with an amine via a Schiff base
condensation reaction to yield an imine (C=N). To chemically change this rotaxane,
exposure to aniline after surface attachment results in the extra aromatic ring as seen in

Fig. 8.2, 1.

Fig. 8.2. The aldehyde functionalized r otaxane which hasbeen exposed to and reacted with aniline,

Through the addition of this group, = interactions between molecules may induce
chemically controllable conformational changes within the molecule, and thisiswhat is

now explored experimentally.



Experimental
Instrumentation

Spectra were acquired at the Advanced Light Source, at the Lawrence Berkeley
National Laboratory, Beamline 8.0. Thisis a high-resolution, undulator beamline, with
a small spot compared to beamline 8.2 at SSRL used in experiments in previous
Chapters. Thus, organic monolayers degrade rapidly, and great care was taken to
minimize damage to samples. Slits were closed to their mechanical limit, which is
estimated to be a few microns. The beam was baffled w/ horizontal doors until higher
harmonic parabolas were no longer visible on a phosphor coated screen, currently
located just upstream from the exit slit of the monochromator. The beam was also
vertically baffled to 50% intensity. The undulator was carefully calibrated for smooth
operation to match its harmonic with the monochromator during scans to minimize
noise in both the incident photon flux measured on a gold transmissive grid, and the
sample current. Samples were cooled to liquid nitrogen temperatures (77 K), and
moved to nearly the mechanical limit of the manipulator in the back of the chamber to
take the sample out of focus for lower beam power per unit area. Although these
precautions result in minimal radiation damage, care was taken to translate the sample
to an unexposed position for all absorption scans presented. Scans repeated on the same
spots were also compared to fresh areas to ensure minimal damage. Although some
changes were occurring, they were not significant enough to indicate that damage was

an issue with scans on pristine portions of the sample.
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Sample synthesis and preparation

Samples were synthesized by B. Hart and A. Vance at the Lawrence Livermore
National Laboratory by first preparing the aldehyde functionalized crown ether ring,
and then preparing [3]-rotaxaneg8.3]. The molecules were dissolved in acetonitrile to
10 mol. Initial indications from NEXAFS and XPS on the first few samples were that
the anthracene stopper portion was preferentially adsorbing on the surface, due to a very
small concentration of remaining fragments in the formation solution and its higher rate
of adsorption. This was rectified by exposing about 2 cm? gold to 20 ml of the solution
for 5 minutes, removing and discarding this primarily anthracene stopper coated
substrate, and then exposing an additional gold-coated wafer into the same, “purified”
solution. This produced films which exhibited slightly higher surface concentrations of
rotaxanes than films from the previous chapter. Solution exposure time was at room
temperature for 18-24 hours. Longer exposure time (48 hours and above) seemed to
deposit greater than monolayer coverages of molecules on the surface, and is an issue
that needs to be investigated further and may be a function of temperature,
concentration, or other parameters.

After deposition of the rotaxanes, wich occurred in the same solution under the
same conditions (e.g. temperature) one aldehyde functionalized rotaxane was rinsed in
acetonitrileone while the second was removed from the formation solution, rinsed in
clean acetonitrile, and placed in 10 mmol aniline in EtOH for approximately 4 hours.
This aniline-exposed, aldehyde-functionalized sample was then rinsed in pure EtOH.

After subsequent film formation and/or functionalization, both rotaxanes were only
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exposed to air long enough to mount them on the same sample block for transfer into

the analysis chamber at UHV.

Experimental Results

Carbon absorption scans for these rotaxanes were similar in overall shape to
those of the rotaxane in the previous chapter. This is not unexpected as the aldehyde
adds one carbon atom to the 41 existing carbon atoms in the rotaxane of the previos
chaper, while the aldehyde-aniline functionalization adds 7. So, at most these new will
contribute 2-14% of the overall intensity in the carbon spectra.

For the aldehyde-functionalized rotaxane (Fig. 8.1), a close up of the near-edge
region is presented in Fig. 8.3. Three distinct peaks appear in the pre-edge region: the
outer two (284.6 and 286.0 eV) are due to the anthracene unit (Fig. 8.1, a) at the end of
the stopper molecule, while the central peak(s) (285.1 — 285.4eV) and another
chemically shifted one (287.3 eV) are due to the aromatics on either end of the crown-
ether (Fig. 8.1, b). For this ALS data, which can be obtained at higher-resolution than
our previous SSRL work, one also sees a splitting in the central peak. The outer
antracene peaks show polarization dependence, being slightly more intense at normal
incidence than grazing. This indicates that the normal to the anthracene plane is
statistically more than 54 degrees from normal, suggesting anthracene units that are
statistically upright. Little or no polarization dependence appears in the central peak,
while the chemically shifted crown-ether peak shows a very slight polarization
dependence. The crown-ether aromatics have higher intensity at grazing incidence

indicating a slightly more prostrate than upright orientation with respect to the surface.
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Fig. 8.3. Carbon K-edge close-up from the aldehyde functionalized rotaxane. Anthracene peaks
show polarization dependence.

For the aniline-exposed, aldehyde functionalized rotaxane (Fig. 8.2) the carbon
near-edge region is presented in Fig. 8.4. The central pre-edge feature is 25% more
intense than the unexposed samples, indicating a significant portion of the aldehyde has
reacted with the aniline. Additional intensity appears in a polarization dependent peak
at 286.9eV, attributed to aniline as it appears in essentially the same position as a peak
in samples with excess aniline (Fig. 8.2, f). Polarization dependencies are different than
the previous sample. Anthracene peaks have slightly less polarization dependence,
while a dichroism appears in the central peak. These two peaks are strongest at normal

incidence, indicating a slightly more upright orientation of the aromatics within the ring.
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Fig. 8.4. C K-edge spectra of the Near -edge region for the aniline-exposed, aldehyde functionalized
surface-attached r otaxane; crown peaks show polarization dependence.

Discussion

The preliminary absorption measurement intensities presented in this study are
consistent with the deposition of molecular monolayers. Based on the relative
intensities of the pre-edge features and in comparison to results from the previous
chapter, an estimated 40-50% of the stopper molecules have a crown ether ring present
on the surface.

In the first case, the aldehyde-functionalized rotaxane shows small polarization
dependence with anthracene units (position a) statistically more upright than the magic
angle. This could be a real effect, but could also be due to a higher concentration of
athracene stoppers on the surface, which have been shown to order in an upright manner
when deposited without crown ether rings in the previous chapter. In any case, both
samples presented here were prepared under the same conditions and have similar

relative concentrations of surface-bound rotaxanes and non-rotaxane anthracene
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stoppers. Simple energy minimization calculations show the crown ether ring (position
c) to be in a cup-like shape or an s-like shape with the aromatics (position b) on each
end[8.3]; this complicates measurement of the conformation of the ring as the aromatics
may not lie in the same plane.

In the second case, the aldehyde unit has been exposed to and reacted with
aniline in order to attach another phenyl group to an end of the crown ether. The aniline
phenyl ring (Fig. 8.2, position f) states contribute slightly to the central feature, and a
new peak also appears. The ring portion now shows a polarization dependence, but one
with highest intensity at normal incidence. This indicates phenyl rings have statistically
amore upright orientation. The anthracene units on the stopper portion of the molecules
show less polarization dependence indicating a greater tilt towards the surface or at least
a more random distribution of orientations. This could be due to interactions between
the conjugated 7 system with the aniline phenyl group, the nitrogen-carbon double
bond, and one phenyl ring of the crown ether (Fig. 8.2, positions b,e,f) with anthracene
portions of molecules (Fig. 8.2, position a). This would both pull the anthracene units
towards the surface plane and pull the x-conjugated portion of the crown ether
upwards. Unfortunately, nitrogen absorption from this system (Fig. 8.2, €) are currently
inconclusive in this regard, partly due to spectral convolution with the amide group in
the backbone of the stopper (Fig. 8.2, d).

Further experiments are underway as of the submittal of this dissertation, aimed
at determining deposition conditions which consistently lead to molecular monolayers

well-bound to the surface.
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Conclusions

Aldehyde-functionalized, surface attached rotaxanes have been successfully
synthesized and deposited on surfaces. NEXAFS reveals conformational changes when
the aldehyde is exposed to aniline, which may show a change in orientation in both the
anthracene plane and crown ether orientations. These results demonstrate the feasibility
of measuring conformational changes in complex, surface-attached interlocking

molecules.
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Chapter 9

Conclusions and Outlook

Conclusions

Self-assembled monolayers and surface-attached interlocking molecules are of
high current interest for future applications in sensors, molecular electronics, and other
devices. However, many questions remain concerning the chemical and molecular
structure of SAMs, both immediately after various preparation steps and upon longer
exposure to various environments. We have thus quantitatively investigated several
SAMsusing NEXAFS, XPS, and infrared spectroscopy.

The simplest method for accomplishing surface-attached molecules is through a
thiol or disulfide exposed to gold. Although this is the most convenient method for
chemical/biological functionalization, these SAMs are not stable in air. Thiolates
oxidize readily, and care must be taken to ensure binding and lifetime sufficient for the
application. Our results show that simply placing samplesin avial slows the oxidation
of the thiolate; these data are consistent with previous results indicating ambient ozone
is responsible for the degradation. Alternate methods for preparing SAMs (such as a
siloxane attachment to Si or direct carbon silicon bonding) may be the answer for more
robust and biologically compatible SAMs, and these options will be further explored in

the future.
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We also find that carboxyl terminations affect SAM structure. Care must be
taken to break carboxyl group dimerizations within initial formation solutions and to
ensure the groups remain protonated; otherwise, more-than-monolayer, disordered films
form. In particular, adding acetic acid to the formation solutions allows for consistent
formation of well-ordered, long-chain, carboxyl-terminated monolayers.  The
controversy in the literature over the past few years has further been resolved by
showing that with acetic acid, alkyl-group interactions are strong enough to form well
ordered chains, with NEXAFS obtained tilt angles only slightly larger than with
similarly long alkanethiols. These well-ordered carboxyl-terminated SAMs have tilted
over endgroups due to hydrogen bonding between neighboring molecules.

Thioctic acid, with a large disulfide containing base and short alkyl-chain which
isolates the carboxyl group from strong chain-chain interactions, exhibits a similar
tilting of endgroups from hydrogen dimerization. The remaining thioctic acid
molecules are also oriented statistically upright. This confirmed recipe for formation of
well-ordered monolayers improves consistency in SAMs for use in chemical- and
biosensor applications, and may lead to more robust systems due to the added stability
of the disulfide precursor vs. a thiol, and greater bonding strength from the additional
gold-sulfur bond in each molecule. The strong hydrogen bonding within the functional
groups may also impact surface-functionalization performance.

Both carboxyl-terminated monolayers show a strong reorientation — a
chemically induced conformational switching — when rinsed in alkali solutions. The
carboxylate end group is oriented upright, and in the thioctic case, induces the rest of

the molecule to have a more upright orientation. Simple nanomechanical systems such
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as these could eventually be utilized in creating molecular scale devices. This
chemically induced nanomechanical switching is reversible, but the harsh alkali
environment tends to degrade the films with repeated rinsing.

One potential method for creating surface-attached catenanes with both ends of
the backbone molecule attached to the surface has been outlined. In a simple case with
adithiol and its structurally related disulfide-containing polyamide, only the polyamide
formed the intended surface-attached loops. The dithiol, on the other hand, adsorbed to
the surface through a single thiol. A strategy for the formation of surface-attached
interlocking molecules may be to form a disulfide-containing polymer precursor before
forming spontaneous monolayers.

A simple surface-attached rotaxane has been formed and characterized with
NEXAFS for the first time to our knowledge. The molecule requires an analogous
strategy as above. This rotaxane consisted of an anthracene stopper, and an amide-
containing thiol-terminated axle for attachment to the surface and immobilization of the
second component, a crown ether ring. Although when mixed in solution with excess
crown ether over 90% of the stopper molecules have a ring present, the bare stopper
molecules overwhelmingly adsorb onto the surface. In order to create the intended
surface-attached rotaxane, the synthesis must include a “molecular riveting” step to
form a precursor molecule with two rings locked into place by two antracene stopper
molecules. Two pseudorotaxane molecules have two thiols that oxidize to form a
disulfide. This product now forms surface-attached rotaxane as the crown ether rings

are present and locked within the molecule as the disulfide reacts with and adsorbs on
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the gold. Additionally, anthracene stopper molecules showed a high degree of
polarization dependence, even with a large fraction of unbound thiol.

Both ideas of simple functionalization for conformational switching (as
exhibited in the carboxyl terminated SAMs) and the z-stacking in the anthracene
stopper units led to the synthesis of a surface-attached rotaxane with switchability
through a simple functionalization on its crown ether ring. An aldehyde-functionalized
crown either ring on a surface-attached rotaxane shows similar structure and features as
its unfunctionalized counterpart. In this ongoing work, when exposed to aniline, the
morphology changes with a slightly more upright orientation of the crown either
aromatics, presumably due to ring-stopper interactions or ring-ring interactions between

neighboring molecules.

Outlook

Near-future work includes continuing on the possibility of conformational
changes using carboxyl-functionalized, surface-attached rotaxanes(Fig. 9.1) and
catenanes(Fig. 9.2). These molecules could be a model system and a precursor to nano-
mechanical or molecular electronic devices that depend on conformational switching in
interlocking molecules. NEXAFS will continue to be a critical tool in determining the

orientation of components within these and other more complex molecular monolayers.
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Fig. 9.1. Potential functionalized rotaxane under development.
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Fig. 9.2. Potential carboxyl-functionalized catenane currently under development.

Alkanethiols on gold will not be suitable or sufficiently stable for many
atmospheric or biological environments, therefore we currently are working on forming
well-formed monolayers on silicon as depicted in Fig. 9.3. The left depicts siloxane
SAMs on silicon oxide, while the right shows a method in which a hydrogen-terminated

silicon surface exposed to alkenes and ultraviolet light reacts to form an organic layer
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anchored by a silicon-carbon bond[9.1]. These types of SAMS are of direct interest to
LLNL and other laboratories for selective biological functionalization of devices, e.g.
the functionalization of ordered-nanopores within “smart-membranes’ of solid-state
silicon[9.2]. Although synthesis methods and even a few characterizations of these and
similar monolayers have been presented in the literature, these methods, especially the
silicon-carbide anchor method, are fields in their infancy. Methods and parameters for
consistent preparation and well-ordered, well-packed films are desperately needed for a
variety of functionalized materials. NEXAFS will play an essential and crucial role in

characterization of films for building robust films used in biological devices.

Fig. 9.3. Alternate, possibly more atmospherically and biologically more stable self-assembled
monolayers attached to silicon. Left: siloxanes attached to an oxidized silicon surface. Right:
direct carbon-sulfur bonding in preliminary stages of development.
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Summary

In summary, we have exposed several new aspects of the chemistry, structure,
and stability of some SAMs and surface-attached interlocking molecules that show
great promise for future applications. Science and technology of molecular monolayers
develop chemically- and biologically- functionalized surfaces, nanomechanical
molecular systems for molecular electronics, and certainly other soon-to-be-discovered
nanotechnological applications.  Often, conformational switching or changes in
nanoscopic molecular structure are an integral part of proposed device functionality.
The combination of NEXAFS and XPS represents a powerful approach for future
studies of these interesting molecular nanostructures by quantitatively and directly

measuring chemical composition and molecular orientation.
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